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Summary 
 
 
The objectives pursued in this PhD thesis are to study the legume responses to 
phytopathogenic fungi by using a functional genomics approach (transcriptomics and 
proteomics). The pea (Pisum sativum) and the model legume Medicago truncatula were 
chosen to study their stress responses to Erysiphe pisi and Mycosphaerella pinodes 
pathogens. The pea crop constitutes an important source of protein for human 
consumption, being one of the most grown grain legume in the world, meanwhile M. 
truncatula is an important forage legume which is being used as a model plant for use in 
molecular and classical genetic studies. Moreover, within the phytopathogenic fungi, 
powdery mildew and ascochyta blight are one the most plant pathogenic fungi that 
seriously constrain crop production worldwide. 
 
Within the functional genomics approaches carried out to study the defense 
mechanisms in legumes to phytopathogenic fungi infection, a differential expression 
proteomic approach was carried out in order to unveil which resistance mechanisms are 
involving in the defense response of the pea to E. pisi and M. pinodes infections. The 
results obtained from the application of this approach in both studies are presented. The 
changes observed reflect a metabolic adjustment performed by the pea in response to 
phytopathogen fungi infection. 
 
To go deeper into the knowledge of the defence mechanism related to the 
response to E. pisi infection in legumes, two different transcriptomics approaches were 
performed using the model legume M. truncatula. Thus, M. truncatula - E. pisi 
pathosystem was analyzed by using microarray and quantitative real-time PCR 
platforms, respectively. These results revealed a wide variety of mechanisms and 
pathways involved in M. truncatula in response to E. pisi infection, including an 
important number of genes belonging to diverse functional groups, which will help to 
develop new genetic tools in the breeding program in legumes. 
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Resumen 
 
Los objetivos planteados en esta tesis doctoral son analizar las respuestas de las 
leguminosas a la infección de hongos fitopatógenos mediante el uso de una 
aproximación de genómica funcional (transcriptómica y proteómica). El guisante 
(Pisum sativum) y la leguminosa modelo Medicago truncatula fueron elegidas para 
estudiar sus respuestas de estrés a los patógenos Erysiphe pisi y Mycosphaerella 
pinodes. 
 
Dentro de las aproximaciones de genómica funcional llevadas a cabo para 
estudiar los mecanismos de defensa de las leguminosas a la infección de hongos 
fitopatógenos, una aproximación de proteómica diferencial fue llevada a cabo con el 
objetivo de revelar cuáles son los mecanismos de resistencia implicados en las 
respuestas de defensa del guisante a la infección de E. pisi y M. pinodes. Los resultados 
obtenidos de la aplicación de esta aproximación en ambos estudios son presentados. Los 
cambios observados reflejan un ajuste metabólico del guisante en respuesta a la 
infección de estos hongos fitopatógenos. 
 
Para profundizar en el conocimiento de los mecanismos de defensa de las 
leguminosas en respuesta a la infección de E. pisi, dos aproximaciones transcriptómicas 
diferentes fueron realizadas usando la leguminosa modelo M. truncatula. En 
consecuencia, el patosistema M. truncatula - E. pisi fue analizado mediante dos 
plataformas, microarray y PCR cuantitativa en tiempo real, respectivamente. Estos 
resultados revelaron una amplia variedad de mecanismos y rutas implicadas en las 
respuestas de defensa de M. truncatula en respuesta a la infección de E. pisi, incluyendo 
un importante número de genes pertenecientes  a diversos grupos funcionales, los cuales 
ayudaran en el desarrollo de nuevas herramientas genéticas en los programas de mejora 
vegetal en leguminosas. 
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Introduction 
 
1. Legumes 
 
Legume family (Fabaceae
plants and second in agricultural importance 
includes more than 650 genera and 18000 species
and Luckow 2003; Lewis et al. 2005
atmospheric nitrogen through 
and Geetanjali 2009; Graham and Vance 2003
role in crop rotation (Fig. 1
cultivated species that provide the largest single source of vegetable protein in human 
diets and livestock feed (Evers 2011
Siddique et al. 2012).  
 
Figure 1. Root infection structures containing rhizobia. 
infection thread containing LacZ
rhizobia in blue. (b) Infection threads traversing the outer cortical cell lay
ramifying through dividing cortical cells of a developing 
primordium. (c) Nodule primordium (black arrow) with 
arrow points to a vascular bundle (vb); 
meristem (m) and young vascular bundles; 
and most recently developed vascular bundles (vb) (black arrow), (modified from Udvardi et. al, 
2013 and Schwartz et. al, 2013). 
 or Leguminosae) is the third largest family of higher 
(Doyle 2001; Lewis et al. 2005
 ranging from herbs to trees
). They are particularly interesting 
symbiotic relationships with rhizobial soil bacteria
; Udvardi and Poole 2013) playing a key 
). Among them, the subfamily Papilionaceae
; Graham and Vance 2003; Rochon et al. 2004
(a) Curled epidermal root hair with 
-expressing rhizobia. Histochemical X-gal staining highlights 
ers (OC) and 
Medicago nodule; NP: nodule 
R. leguminosarum bv. viciae
(d) Emergent nodule with GUS staining in the nodule 
(e) Staining is apparent in the nodule meristem (m) 
17 
). It 
 (Doyle 
to fix 
 (Garg 
 include 
; 
 
. The white 
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Among them, cool season grain legumes (faba bean, chickpea, pea, lentil and 
lupin) play an important role in farming systems worldwide (Kelley et al. 1997). 
However, a wide number of biotic and abiotic stresses are severely affecting the yield 
and seed quality of these crops. Grain legumes are challenged by many pathogens 
(fungi, bacteria, nematodes, viruses, parasitic plants, insects), causing important 
economic losses (Fuchs et al. 2014; Rubiales et al. 2014).  
 
Genetic resistance is one of the most desirable control method since it is more cost 
effective and environment friendly than the use of chemicals. Thus, many resistance 
sources (Sillero et al. 2006; Tivoli et al. 2006a) have been found in different grain 
legumes including pea (Pisum sativum) (Barilli et al. 2014; Castillejo et al. 2010a; 
Castillejo et al. 2011; Fondevilla et al. 2011; Fondevilla and Rubiales 2012; Fondevilla 
et al. 2008) and barrel medic (Medicago truncatula) (Ameline-Torregrosa et al. 2008; 
Castillejo et al. 2010a; Castillejo et al. 2009; Die et al. 2007; Dita et al. 2009; Foster-
Hartnett et al. 2007; Lozano-Baena et al. 2007; Rubiales and Moral 2004).  Several 
transcriptomics  approaches, such as microarray and qPCR  (Barilli et al. 2014; Curto et 
al. 2014; Fondevilla et al. 2011; Fondevilla et al. 2014), as well as proteomics 
(Castillejo et al. 2010a; Castillejo et al. 2010b; Curto et al. 2006) have been successful 
applied to these crops. These biotechnology approaches have increased the knowledge 
of the target species and the mechanism underlying resistance to these pathogens. 
However, molecular mechanisms involved in the legume defense against their 
pathogens are poorly understood. Biotechnology tools and specially the high throughput 
“omic” technologies promising strategies for understanding the molecular genetic basis 
of stress resistance, which is an important bottleneck for molecular breeding (Dita et al. 
2006). 
 
1.1. Pea (Pisum sativum) 
 
Pea (Pisum sativum L.) plays a critical ecological role because it contributes to the 
development of low-input farming systems by fixing atmospheric nitrogen. Their seeds 
are rich in protein (around 25 %), starch (50%), sugar and others compounds such as 
fiber, mineral and vitamins (Bastianelli et al. 1998; Rubiales et al. 2011a; Smýkal et al. 
2012). Pea was used in Mendel`s discovery of the laws inheritance, making in the 
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foundation of modern plant genetics (Bateson 1909) as well as model for experimental 
morphology and physiology (Tar'an et al. 2005). Spite of the pea genome size, several 
genomic resources such as, BAC libraries and transcriptome and proteome datasets 
already exist (Smýkal et al. 2012). Thanks to this knowledge several marker assisted 
selection programs have allowed to increase the precision and shortening the breeding 
cycle. The new “omic” methodologies are useful tools for the development of breeding 
tools for improved pea genotypes that are sustainable under current and future farming 
systems. 
 
1.1.1. Origin and botanical description 
 
Pea is considered one of the first domesticated plants in the world, together with 
chickpea, lentil, grass pea and several cereal species (Zohary and Hopf 2000). Prior to 
cultivation, pea together with vetches, vetchlings and chickpeas was part of the 
everyday diet of hunter-gatherers at the end of the last ice age in the Middle East and 
Europe (Smýkal et al. 2012). Hence, pea is one of the crops that played a significant role 
in the ‘agricultural revolution’ of the post-glacial Europe (Mikić et al. 2014; Smýkal et 
al. 2012). The earliest evidences of the use of pea for human consumption are the 
fossilized starch grains in calculus of the Neanderthal skeletons in Iraq about 46,000 
years ago (Fig. 2) (Mikić et al. 2014). The archeological evidences establishes that pea 
is one of the founder grain crops of south-west-Asian Neolithic agriculture being a 
consistent crop in Neolithic and bronze ages. The domesticated pea belongs to Pisum 
genus, restricted, in the wild, to the Mediterranean basin and south-west Asia (Zohary et 
al. 2013). During centuries of selection and breeding thousands of pea varieties were 
developed and these are maintained in numerous germplasm collections worldwide 
(Smýkal et al. 2011). The range of wild representatives of P. sativum extends from Iran 
and Turkmenistan through Anterior Asia, northern Africa and southern Europe (Smýkal 
et al. 2012). However, due to the early cultivation of pea it is difficult to identify the 
precise location of the center of its diversity. The genus Pisum contains the wild species 
P. fulvum found in Jordan, Syria, Lebanon and Israel; the cultivated species P. 
abyssinicum from Yemen and Ethiopia, which was likely domesticated independently of 
P. sativum; and a large and loose aggregate of both wild (P. sativum subsp. elatius) and 
cultivated forms that comprise the species P. sativum in a broad sense (Smýkal et al. 
2012). 
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Figure 2. (a) Charred pea seed from Iron Age founded in southern Serbia. 
domesticated pea, Pisum sativum
Neolithic (Dimini, Greece) (modified from 
 
Pisum sativum is annual
(Smýkal et al. 2011). Pea lea
(Davies et al. 1985) and their
the first flower (Fig. 3). Stipules are large, leaf
inflorescence is a raceme arising from the axil of 
from white to purple; pods swollen or compressed, short
15 cm long, 1.5-2.5 cm wide, 2
1981; Gritton 1980). The node at which the first flower emerges is characteristic of a 
given variety; in temperate regions the number of nodes at which the first flower 
emerges is reported to vary from 4 in the earliest to about 25 in late maturing types 
under field conditions (Gritton 1980
pods that mature at different times, the youngest being at the tip. On a whole plant basis, 
flowering is sequential and upwards from node to node. 
many lateral branches and sub
nitrogen-fixing bacterium Rhizobium leguminosarum
Moreover, their stems are usually weak and internode length show height ranges from 
less than 50 cm to more 300 cm tall. Nonbearing (sterile) nodes occur on the ma
from the lowest node upward, with frequency correlated with time to flowering. Pod 
traits range from wide flattened to round and dehiscent on both structures, with color 
from yellow to dark green. The
initial growth support to the embry, with a primordial root or radical, stem tissue and an 
 
 
(b) Charred seed of 
, cotyledons only, no seed coat survived charring, late 
Mikić et al, 2014 and Zohary et. al, 2013).
, diploid (2n=14) and mainly self-pollinated plants
f type could be conventional, semi-leafless and leafless 
 size in most cases increases up to the first node bearing 
-like and up to 10 cm long
the leaf (Fig. 3). Corolla show color 
-stalked, straight or curved, 4
-10 seeded, 2-valved, dehiscent on both sutures
). Flowers borne on the same peduncle produce 
The main root, taproot, has 
-branches, which allowed establishing the symbiotic 
 forming nodules 
ir seed mainly consists of two cotyledons, which
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 and their 
-
 (Duke 
(Fig. 1). 
in stem 
 provide 
  
embryonic growing point (also named plumule). In addition, the pea seed has an ilum, 
with which it was attached to the maternal pod tiss
this is a micropyle, where the germinating radical emerges. 
angled, smooth or wrinkled, exalbuminous, whitish, gray, green, or brownish
size vary 10 to 36 g/100 seed being their
 
Figure 3. Detailed picture of leaf and flower in pea (
 
The genus Pisum is very diverse, showing a range of degrees of relatedness that 
reflect taxonomic identifiers, eco
Several pea germplasm pea collections, with over 1000 
genbanks in more than 25 countries, with many other smaller collections worldwide 
(Smýkal et al. 2013). Thanks to the availability of these genetic resources numerous 
studies have investigated the genetic and trait diversity of 
might act as toolkits for association mapping 
allowed to gain insight into genes underlying desired traits in the world pea collect
(Smýkal 2014). 
 
1.1.2. Importance of the crop
 
Pea is adapted to warm Mediterranean type as well as cool temperature 
conditions. Thus, this crop constitute an important source of protein for human 
 
ue during developmental, and near 
Pea seeds are globose or 
 germination cryptocotylar (Duke 1981
Pisum sativum) (from tutorvista.com).
-geography and breeding gene pools (Smýkal 2014
accessions are stored in national 
Pisum germplasm
(Smýkal et al. 2011). These studies have 
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consumption in Mediterranean basin, temperate Europe, Ethiopia, south-west Asia and 
north-west India. Dry pea is one of the most grown grain legume in the world with a 
high primary production in temperate regions and registered 97 countries growing pea, 
whose cultivated area were 6.379 million hectares (FAOSTAT 2013). The most 
producers countries of dry pea in 2013, in million tons (MT) were Canada (3.85 MT), 
followed to Russian Federation (1.35 MT), China (1.38 MT) and USA (0.7 MT) 
(FAOSTAT 2013). In the last decade (2003-2013), Canada has remained the leading 
pea producing country (2.97 MT), followed to Russian Federation (1.29 MT), China 
(1.12 MT) and Ukraine (0.91 MT), respectively. Moreover, the average yield of dry pea 
during this period was around 4.000 Kg/Ha being Ireland the country that showed the 
highest yield (5,000 Kg/Ha), followed to Belgium-Luxembourg, Netherlands, France 
and Belgium (each ≈ 4.000 Kg/Ha) (FAOSTAT 2013). In the last decade Europe 
showed a gradual decrease in production from 2010 to 2013, while Canada, Russian 
Federation and USA showed a positive trend where production showed a slow increase. 
 
1.2. Medicago truncatula 
 
Annual medics (Medicago species) are widely used in low rainfall environments 
of the Mediterranean basin area, traditionally used as forage legumes providing nitrogen 
for rotational crops (Tivoli et al. 2006b; Walsh et al. 2001). M. truncatula, a close 
relative of alfalfa, naturally stands out as a model legume organism, with several unique 
characteristics, such as self-fertile, small diploid genome making a usefully tool for both 
genetics and genomics studies (Cook 1999; Young et al. 2005). M. truncatula is closely 
related to the cultivated tetraploid alfalfa (M. sativa) and to other legumes such as pea, 
chickpea, faba bean and lentil. This close phylogenic relationship increases the value of 
this model legumes as a resource for understanding the important agronomic traits of 
grain and forage legumes. 
 
1.2.1. Model organism 
 
In biology, the use of model species is necessary in order to better understand any 
biological process. Thus, in the last decade (2003-2013), particularly since the advent of 
the large-scale genomic scale genomic sequencing projects, the term model organism 
has become ubiquitous in contemporary biological discourse. Much of our knowledge 
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on heredity, development, physiology and the underlying cellular and molecular 
processes is derived from the studies of model, or reference, organisms (Müller and 
Grossniklaus 2010). The underlying concept of a model organism can be traced to a 
variety of sources, depending on how one defines it, as will be discussed in this essay 
(Ankeny and Leonelli 2011). Model organism can be defined as any experimental 
organism utilized to investigate a particular biological process or system, ranging wide 
organism such as E. coli, S. cerevisiae, C. elegans, Drosophila, Xenopus, Arabidopsis 
and Medicago truncatula. All model organisms have been used for use in molecular 
studies due to its ideal characteristic that are closely related to their power as genetic 
tools: they typically have small physical and genomic sizes, short generation times, 
short life cycles, high fertility rates, and often high mutation rates or high susceptibility 
to simple techniques for genetic modification. Therefore, it is now widely accepted that 
model organisms should be tractable using both forward-genetic approaches 
(identifying genes based on mutant phenotype), reverse-genetic approaches (functional 
analysis of a gene of known molecular identity) or both techniques (Ankeny and 
Leonelli 2011). Many of the core molecular mechanisms elucidated were found 
conserved in related species. Therefore, model organisms have uncovered the 
relatedness of life on this planet at the level of the blueprint, the beauty of which is 
hidden to the naked eye. 
 
1.2.2. M. truncatula as a genetic model and their contribution 
to plant biology studies and functional genomics 
technologies. 
 
Many agronomically important crops are legumes, such as faba bean, chickpea, 
pea, and alfalfa. However, the size and complexity of these genomes makes them 
unwieldy and has slowed progress on the genetic characterization of these crops. 
Several of these crop legumes are among the best characterized plant systems, including 
DNA marker maps and basic genomics tools (Cook 1999; Young et al. 2005). 
Nevertheless, despite the investment of resources from public and private sources, crop 
legumes have inconvenient features for genomics research, such as large genome size, 
abundant repetitive DNA, complex ploidy (Young and Bharti 2012). 
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M. truncatula is being used as a model plant for use in both molecular and 
classical genetic studies because of its ideal characteristics, such as its small, diploid 
genome, rapid generation time, self-fertility and ease of seed production (Cook 1999). 
This model plant has proven to be an easily transformed species, ensuring its role as an 
ideal model system for investigating and elucidating gene function in legume species. 
Hence, several large-scale international projects that have been initiated in relation to M. 
truncatula genomics, including the complete sequence description through an 
international consortium (http://www.medicagohapmap.org/). M. truncatula databases, 
including whole genome sequencing and annotation, expressed sequence tags (ESTs), 
structural genomics and comparative mapping, bacterial artificial chromosome (BAC) 
libraries and physical maps, gene expression, metabolic profiling and bioinformatic 
tools are available (http://www.medicago.org/). Thanks to closed phylogenetic 
relationship of M. truncatula to alfalfa (M. sativa) and other legumes, such as pea, 
chickpea, lentil  or faba bean  increases the attractiveness of utilizing this model legume 
(Dénarié 2002). The development of genetic and genomic tools in this model plant has 
propelled M. truncatula into the forefront of legume research as an ideal legume model. 
Hence, this model legume constitutes an ideal bridge between grain and forage legumes 
allowing to carry out comparative studies in these species. In addition, a wide 
availability of M. truncatula collections has allowed studying host–pathogen 
interactions at the histological, biochemical and physiological levels (Fernández-
Aparicio et al. 2008; Prats et al. 2007; Rubiales et al. 2011b). 
 
In the last decade, M. truncatula has emerged as an appropriate and agronomically 
relevant model plant for legumes, providing an excellent model upon which to dissect 
and to understand the mechanisms of resistance to pathogens of legumes in general 
(Rispail et al. 2010). Functional genomics technologies have been successfully applied 
in different Medicago pathosystems. Thus, an important number of transcriptomics  
(Curto et al. 2014; Dita et al. 2009; Foster-Hartnett et al. 2007; Gao et al. 2010; Madrid 
et al. 2010; Villegas-Fernández et al. 2014) and proteomics (Castillejo et al. 2009; Curto 
et al. 2006; Kiirika et al. 2014) approaches have allowing to identify the molecular 
pathways involved in the resistance to a wide variety of pathogens. This will 
undoubtedly help in the development of new forms of resistance in legumes to a variety 
of pathogens. 
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2. Plant pathogenic fungi. 
 
2.1. The importance of phytopathogenic fungi. 
 
The cool season food legumes (faba bean, chickpea, pea, lentil and lupin) play an 
important role in the farming systems worldwide, which are attacked by these 
phytopathogenic fungi that cause diseases such as grey mould, chocolate spot, 
ascochyta blight, anthracnose, rust, powdery mildew and downy mildew. These 
pathogens are major limiting factors in legume production and the most important of 
these are present in all areas where legumes are cultivated (Sillero et al. 2006). 
 
Within legumes, pea is the most widely grown grain legume in Europe and the 
second-most in the world (FAOSTAT 2013). Significant efforts have been made in pea 
breeding for disease resistance in continental and oceanic conditions where it is mainly 
spring sown. Unfortunately, little efforts have been made so far in pea breeding for 
constraints typical of Mediterranean environments, such as rust, powdery mildew or 
broomrape (Rubiales D. et al. 2009)  Several research works have reported levels of 
resistance in pea against ascochyta blight (Carrillo et al. 2013; Fondevilla et al. 2005), 
powdery mildew (Barilli et al. 2014; Curto et al. 2006; Fondevilla and Rubiales 2012) 
and rust (Barilli et al. 2009; Barilli et al. 2010). Control of these diseases is based on 
cultural management, the use of chemicals, genetic resistance or some combination of 
these approaches (Sillero et al. 2006). Disease resistance is currently a primary objective 
of most plant breeding programs. Procedures for screening and scoring germplasm and 
breeding lines for resistance have lacked uniformity among the various programs 
worldwide (Niks and Rubiales 2002). 
 
2.1.1. Powdery mildew (Erysiphe pisi). 
 
Powdery mildews (Ascomycotina, Erysiphales) are plant pathogenic fungi that 
seriously constrain crop production worldwide in many temperate regions (Belanger et 
al. 2002; Panstruga and Spanu 2014). The disease can cause important yield loses, 
reducing total yield biomass, number of pods per plant, number seeds per pod, plant 
height and number of nodes (Fondevilla and Rubiales 2012; Glawe 2008; Schulze-
Lefert and Vogel 2000; Sillero et al. 2006). Pea powdery mildew is an air-borne disease 
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of worldwide distribution, which is caused by Erysiphe pisi, often reported as E. 
communis auct. p. p. or E. polygoni auct. p.p. (Braun 1987) differentiated E. pisi var. 
pisi infecting species in Pisum, Medicago, Vicia, Lupinus and Lens, and E. pisi var. 
cruchetiana infecting Lathyrus and Ononis species (Fondevilla and Rubiales 2012). 
Also, it has recently been reported that other fungi such as E. trifolii and E. baeumleri 
can also cause powdery mildew on pea (Fondevilla and Rubiales 2012). 
 
These fungi are obligate biotrophic pathogens infecting aerial parts of higher 
plants (stems, leaves, flowers and fruits) owing to the profuse production of conidia that 
give them their common name (Fig. 4). Their life cycle is synchronized with host life 
cycles in order to develop an effective control strategy, which can involve both a sexual 
state (teleomorph) and asexual state (anamorph), or either can be lacking (Falloon and 
Viljanen-Rollinson 2001) (Fig. 5). In susceptible pea genotypes, E. pisi conidia 
germinate producing a germ tube with a lobed primary appressorium. A penetration peg 
emerges from this appressorium and penetrates the epidermal host cells through the 
cuticle and cell wall. Furthermore, a primary haustorium forms within the epidermal cell 
(Fig. 4 d). Nutrient uptake from the plant cell through the haustorium supports 
development of secondary hyphae that radiate across the host epidermis forming hyphal 
appressoria from which secondary haustoria are formed (Fig. 4 d). Finally, aerial 
conidiophores emerge from surface hyphae producing conidia capable of initiating a 
new cycle of infection (Fondevilla and Rubiales 2012). Moreover, several pea lines 
harboring genes for powdery mildew resistance have been described in Pisum 
germplasm (Fondevilla and Rubiales 2012). Thus, in pea lines harboring er1 gene, the 
pathogen is stopped soon after, and no secondary hyphae are formed (Fondevilla et al. 
2006), meanwhile the resistance provided by er2 gene is governed at high temperatures 
is due to the occurrence of hypersensitive response in established colonies (Fig. 4c) 
(Fondevilla et al. 2006). In lines containing Er3 gene, the growth of the established E. 
pisi colonies are stopped by a strong hypersensitive response (Fig. 4c) (Fondevilla et al. 
2007a; Fondevilla et al. 2007b). Therefore, genetic resistance is an efficient, economic 
and environmentally friendly way of control. In spite of resistance conferred by these 
genes against to E. pisi, the identification of additional sources of resistance against 
these species is needed. 
 
  
 .
Figure 4. Representative symptoms of powdery mildews and their morphological features. 
Erysiphe pisi f.sp. pisi development on pea leaf; 
development on M. truncatula leaf; 
on M. truncatula leaf epidermal cells (EDC: Epidermal Death Cell); 
interference microscopy of an 
secondary hyphae), (modified from 
 
 
Figure 5. Diagram of powdery mildew life cycles. 
(yellow) cycles are represented, (modified from 
 
 
 
(b) Erysiphe pisi f. sp. medicaginis
(c) Microscope pictures of Erysiphe pisi f. sp. medicaginis
(d) 
E. pisi f. sp. medicaginis germling (H: haustorium; SH: 
Curto et al, 2006 and 2014) 
Primary (yellow and blue) and secondary 
González-Fernández et al. 2010). 
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2.1.2. Ascochyta blight (Mycosphaerella pinodes). 
 
Ascochyta blight is a serious disease of cool-season grain legumes, including 
chickpea, faba bean, lentil and pea, caused by fungal species of the anamorphic genus 
Ascochyta (Fig. 6). Ascochyta blight has worldwide distribution, which is 
predominantly host-specific. Species of the coelomycete genus Ascochyta are all 
necrotrophic, killing plant cells in advance of mycelia development and the diseases 
they cause represent serious limitations to legume production worldwide (Rubiales and 
Fondevilla 2012). The disease in chickpea is caused by Ascochyta rabiei (teleomorph: 
Didymella rabiei); in lentil by Ascochyta lentis (Didymella lentis) and in faba beans by 
Ascochyta fabae (Didymella fabae) (Tivoli and Banniza 2007). The ascochyta blight 
complex of pea (Pisum sativum) is caused by three related fungal species, commonly 
referred to as the Ascochyta complex: Ascochyta pisi, Ascochyta pinodes (teleomorph: 
Mycosphaerella pinodes) and Phoma medicaginis var. pinodella (Jones 1927). Thus, in 
pea the disease is a complex because the three pathogens cause more or less similar 
symptoms and they frequently occur together. Ascochyta blight, caused by 
Mycosphaerella pinodes (also known as Didymella pinodes) the teleomorph of 
Ascochyta pinodes, is one of the most devastating pea pathogens  (Khan et al. 2013). It 
is wide-spread throughout the major pea-growing areas, especially in temperate regions 
of Europe, North America, Australia and New Zealand (Bretag et al. 1995; Bretag and 
Ramsey 2001). Ascochyta blight is the most destructive disease affecting large areas in 
many countries, where pulses are cultivated and cause considerable losses in seed 
quality and quantity. Yield losses include both weight and quality losses due to seed 
infection. Average yield losses in commercial pea fields have been estimated at 10%, 
and losses of >50% have been measured in some trials (Xue et al. 1997).  
 
 
  
 
Figure 6. Ascochyta blight on pea 
leaves (a1, b1 and c1), fruits and seeds 
(a1, c3) and pycnidiospores (b3)
al. 2007). 
Ascochyta spp. cause well delineated lesions on 
(leaves, stems, flowers, pods)
coloured lesions on all above ground parts of the plant which contain concentric rings
black pycnidia exuding cirrhi of one or two
2001). On the stems, these fungi cause deep
of stems and death of plant parts above the affected
medicaginis var. pinodella causes blight starting with small purple to
enlarging and turning brown to black spots. Th
rot and seeds appear as small, pinpoint and
(Fig. 6). Leaves with many lesions wither before the
the lower portion of the plants. Stem lesions are initiated at
spread above and below that point. They coalesce to encircle the
which generally does not break.
infection. Heavily infected seeds have more
shrivel in the most serious cases. 
seed size (May et al. 2005; Tivoli and Banniza 2007
substantial yield throughout the major pea
Ramsey 2001).  
 
Fungi responsible for ascochyta bligh
characterised by an initial biotrophi
The epidemic caused by M. pinodes
 
 
(a), faba bean (b) and chickpea (c). Disease symptoms on 
(a2, b2 and c2) and microscopic pictures of ascospores 
 are represented (modified from Koike et al. 2007 and 
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Figure 7. Disease cycle of M. pinodes
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2.2. Plant breeding for disease resistance 
 
Although plants are exposed to a wide range of microorganisms in nature, their 
immune systems allow infection only by limited numbers of adapted pathogens (Boyd 
et al. 2013; Hartung and Schiemann 2014). Because plants lack a circulatory system, 
each plant cell must possess a preformed and/or inducible defense capability, so 
distinguishing plant defense from the vertebrate immune system (Walbot 1985). 
Biotrophic and necrotrophic fungal are a major constraint to plant production (Boyd et 
al. 2013). Pathogen and plants have interacting and they have given rise to a diverse 
array of exchanged signals and responses. The pathogen that elicit a host response can 
be met variously with hospitable acceptance (such as nitrogen-fixing Rhizobium 
bacteria), with tardy recognition and moderately effective defenses (as for most 
interactions that result in disease), or with a strong and rapid defense response that 
blocks further infection (Boyd et al. 2013; Dixon and Lamb 1990; Hammond-Kosack 
and Jones 1997; Ökmen and Doehlemann 2014). This latter form of disease resistance 
forms the subject of this review and is known variously as race-specific resistance, 
gene-for-gene resistance, or hypersensitive resistance. Considerable knowledge has 
since accumulated on the biochemical and genetic basis of disease resistance (Thakur 
and Sohal 2013), while the use of resistant cultivars has become a valuable strategy to 
control crop disease (Crute and Pink 1996). 
 
2.2.1. Molecular genetics of plant disease resistance 
 
Plants are constantly exposed to microbes and pathogens in nature that impair 
plant growth and reproduction. The immune system of an organism has been tailored 
through evolution by a long history of warfare with its invaders. Thus, plant pathogens 
have co-evoluted with their hosts developing diverse lifestyles and strategies of 
pathogenesis (Hammond-Kosack and Jones 1997). Pathogens deploy one of three main 
strategies to attack plants: necrotrophy, biotrophy or hemibiotrophy (Glazebrook 2005). 
Necrotrophic pathogens kill their hosts upon infection and feed on nutrients released 
from the dead cells, meanwhile in biotrophic and hemibiotrophic interactions, the 
pathogen depends on living host cells (De Wit et al. 2009). To be pathogenic, plant 
pathogen must access the plant interior, either by penetrating the leaf or root surface 
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directly or by entering through wounds or natural openings such as stomata, pores in the 
underside of the leaf used for gas exchange. Plants are sessile organisms and they lack a 
circulatory system whose cells are framed with a rigid cell wall. These evolutionary 
constraints have resulted in the evolution of a primary cell-autonomous immune system. 
 
Currently, it is clear that the active defense responses of the plant are considered 
to operate at two levels (Jones and Dangl 2006). The first line of active plant defense 
involves the transmembrane pattern recognition receptors (PRRs) that respond to slowly 
evolving microbial- or pathogen-associated molecular patterns (MAMPS or PAMPs). 
The best-studied classes of plant PRRs are receptor-like kinases (RLKs), which feature 
an ectodomain of leucine-rich repeats (LRRs) involved in MAMP perception, and an 
intracellular kinase domain, involved in signal transduction relay via MAPK cascades, 
resulting in MAMP-triggered immunity (MTI) or PAMP-triggered immunity (PTI), 
which usually halts infection before the microbe gains a hold in the plant (Thomma et 
al. 2011) (Fig. 8a). Pathogens have developed mechanisms which have allowed evading 
or suppressing PRR-based plant defenses. They do so by deploying various effectors, 
determinants of virulence on susceptible hosts via MTI suppression, into the host cell. 
Successful pathogens are then faced with another hurdle, evolved by hosts to recognize 
the presence of their effectors and of intracellular MAMPs. PTI involve a series of 
defense reactions sufficient to repel most invading microbes. Several research works 
have reported significant advances in understanding PAMP–PRR interactions and the 
subsequent signaling event, such as bacterial PAMPs (flg22, elf18) and their PRRs 
(FLS2), which are leucine-rich repeat receptor-like kinases (LRR-RLKs) (Boyd et al. 
2013). In addition, PRRs have also been found that can detect the peptides or cell wall 
fragments released during infection or wounding, referred to as damage-associated 
molecular patterns (DAMPs) (De Lorenzo et al. 2011). The pathogen is able to suppress 
the different components of PTI by ‘effector’ proteins delivered into the plant. Once 
pathogens acquired the capacity to suppress primary defenses, plants developed a more 
specialized mechanism to detect microbes, named as effector-triggered immunity (ETI). 
ETI involves the direct or indirect recognition of the very microbial proteins used to 
subvert PTI by plant resistance (R) proteins, which is mediated by nucleotide-binding 
domain LRR (NB-LRR) disease resistance proteins. Activation of R protein-mediated 
resistance also suppresses microbial growth, but not before the invader has had an 
opportunity for limited proliferation. Not surprisingly, pathogens seem to have adapted 
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effectors to interfere with ETI. PAMP recognition and PAMP-Triggered Immunity may 
be the plant’s first active response to microbial perception. As will be outlined herein, 
PTI is initiated upon recognition of conserved microbial features by plant cell-surface 
receptors, and its induction is associated with MAP kinase signaling, transcriptional 
induction of pathogen-responsive genes, production of reactive oxygen species, and 
deposition of callose to reinforce the cell wall at sites of infection, all of which 
contribute to prevention of microbial growth (Nürnberger et al. 2004). Though the 
molecular mechanisms underlying PTI are not completely elucidated, much work has 
been done cataloguing microbial features that trigger PTI. PAMPs fulfill a function 
critical to the lifestyle of the organism, are highly structurally conserved across a wide 
range of microbes, and are not normally present in the host (Nürnberger et al. 2004). 
 
Figure 8. Innate immune pathways in plants. (a) Plants cells pathogen detection by membrane 
and intracellular innate immune receptors leads to signaling cascades that culminate in 
expression of defense-related genes. (b) Diagram representing programmed cell death in 
response to infection in plants (modified from Coll et al. 2011). 
 
The second line acts largely inside the cell, using the polymorphic NB-LRR 
protein products encoded by most R genes (Jones and Dangl 2006). They are named 
after their characteristic nucleotide binding (NB) and leucine rich repeat (LRR) 
domains. Pathogen effectors from diverse kingdoms are recognized by NB-LRR 
proteins, and activate similar defence responses. NB-LRR-mediated disease resistance 
is effective against pathogens that can grow only on living host tissue (obligate 
biotrophs), or hemibiotrophic pathogens, but not against pathogens that kill host tissue 
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during colonization (necrotrophs) (Glazebrook 2005). Jones et al (Jones and Dangl 
2006) has reported a model plant immune system which can be represented as a four 
phased. The first phase, PAMPs/MAMPs are recognized by PRRs, resulting in PAMP-
triggered immunity (PTI) that can halt further colonization. The second phase successful 
pathogens deploy effectors that contribute to pathogen virulence. The third phase a 
given effector is ‘specifically recognized’ by one of the NB-LRR proteins, resulting in 
effector-triggered immunity (ETI). Recognition is either indirect, or through direct NB-
LRR recognition of an effector. ETI is an accelerated and amplified PTI response, 
resulting in disease resistance and, usually, a hypersensitive cell death response (HR) at 
the infection site (Fig. 8b). The last fourth phase, natural selection drives pathogens to 
avoid ETI either by shedding or diversifying the recognized effector gene, or by 
acquiring additional effectors that suppress ETI.  
 
2.2.2. The hypersensitive reaction in plants to pathogens 
 
The hypersensitive response (HR) is a central component of plant resistance 
responses, form of programmed cell death localized to infection sites characterized by 
the formation of necrotic lesions at the attempted sites of infection, aiming to restrict 
pathogen growth and spread (Coll et al. 2011; Hammond-Kosack and Jones 1997). Its 
hallmarks include cytoplasmic shrinkage (whole-cell autofluorescence is clearly visible 
by fluorescence microscopy), vacuolization and chloroplast disruption (Mur et al. 
2008).  
 
Programmed cell death (PCD) is an important mechanism to regulate multiple 
aspects of growth and development, as well as to remove damaged or infected cells 
during responses to environmental stresses and pathogen attacks. HR is leading by a 
chain of events after effector recognition via NB-LRR receptors. Two separate signaling 
modules regulate NB-LRR proteins: non-race-specific disease resistance 1 (NDR1) 
regulates in most cases immune responses mediated by CC-NB-LRR proteins, whereas 
the enhanced disease susceptibility 1 (EDS1)/phytoalexin deficient 4 
(PAD4)/senescence-associated gene 101 (SAG101) complex mediates TIR-NB-LRR 
signaling (Feys and Parker 2000). Both systems integrate redox signals downstream of 
NADPH oxidase leading to SA accumulation, which has a central role in defense 
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responses. ROS and SA act synergistically to drive HR (Durner et al. 1997). In addition, 
under pathogen infection plant cells exhibit a rapid synthesis of nitric oxide (NO) and a 
parallel accumulation of reactive oxygen species (ROS). Frequently, these responses 
trigger a PCD process leading to an intrinsic execution of plant cells. The accumulating 
evidence suggests that both NO and ROS play key roles in PCD. These redox active 
small molecules can trigger cell death either independently or synergistically. Several 
reviews have reported the progress on the cross-talk of NO and ROS signals in the 
hypersensitive response, leaf senescence, and other kinds of plant PCD caused by 
diverse cues (Choi et al. 2013; Iakimova et al. 2013). Both NO and ROS have been 
implicated in controlling the HR process (Fig. 8b). One of the key determinants for the 
HR is the balance between intracellular NO and ROS levels (Zaninotto et al. 2006). 
Following pathogen recognition, NO accumulation occurs concomitant with an 
oxidative burst, which consists of a biphasic production of apoplastic ROS at the site of 
attempted invasion (Lindermayr and Durner 2009). In this context, NO and H2O2 are 
thought to function in combination to promote HR cell death. Some key components of 
the defense signaling cascade that are known to be affected by ROS and NO activity 
include mitogen-activated protein kinases (MAPKs) and phosphatases. These local 
responses can, in turn, trigger a long lasting systemic response (systemic acquired 
resistance, SAR) that primes the plant for resistance against a broad spectrum of 
pathogens (Dong 2001).  
 
Many plant pathogens have evolved strategies to inhibit different types of cell 
death further underscores its fundamental role in fighting infections. Specially, 
biotrophic/hemibiotrophic pathogen (i.e. powdery mildews) that feed on living cells, 
they have developed mechanisms to evade host detection and death of the invaded plant 
cells. Thus, they have evolved strategies to suppress HR using specific effectors 
delivered into the cell via diverse secretion systems. Moreover, necrotrophic pathogens 
have developed mechanisms to induce cell death in their hosts by secreting phytotoxins 
and cell wall degrading enzymes, resulting in the formation of expanding necrotic 
lesions in the infected plant tissue using the plant HR machinery as a strategy to 
promote virulence (Coll et al. 2011). 
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3. Plant functional genomics 
 
Genetic and “omics” tools have revolutionized plant breeding increasing the 
knowledge of the genetic factors responsible for complex traits and developing a large 
amount of resources, which can be used in the selection of superior genotypes. The 
rapidly growing fields of “omics” tools, transcriptome, proteome and metabolome, have 
allowed studying the molecular biology of the responses of plants to experimental 
conditions (Kumpatla et al. 2012). However, bioinformatics is required for the analysis 
and interpretation of the data obtained. These efforts have provided huge databases of 
protein sequences, many of which are of unknown function. Hence, functional 
genomics approaches have allowed evaluating and studying the entire cell or organism 
as a system and understanding how different biological processes occur within this 
system, how they are controlled and how they are executed (Mittler and Shulaev 2013). 
 
3.1. Structural and functional genomics 
 
The cumulative utilization of “omics” technologies has advanced the fields of 
structural and functional genomics (Mittler and Shulaev 2013). The initial long-term 
goal of the structural genomics endeavor was to map all protein folds, so that the 
structures of virtually all proteins could be either found in the Protein Data Bank (PDB) 
or derived by computational methods. Thus, structural genomics studies have allowed 
delineating the total repertoire of protein folds, thereby providing three-dimensional 
portraits for all proteins in a living organism and to infer molecular function of the 
proteins (Grabowski et al. 2007). Hence, structural projects entail a conceptual shift 
from traditional structural biology in which structural information is obtained on known 
proteins to one in which the structure of a protein is determined first and the function 
assigned only later. Whereas the goal of converting protein structure into function can 
be accomplished by traditional sequence motif-based approaches, recent studies have 
shown that assignment of a protein's biochemical function can also be achieved by 
scanning its structure for a match to the geometry and chemical identity of a known 
active site. Importantly, this approach can use low-resolution structures provided by 
contemporary structure prediction methods. When applied to genomes, structural 
information (either experimental or predicted) is likely to play an important role in high-
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throughput function assignment. In conclusion, structural genomics is a powerful tool 
that reveals to us a global view of the protein structure which complement the data 
obtained by proteomic and genomic technologies in providing molecular function of 
may proteins of unknown function (Rigden 2006).  
  
Functional genomics approach seeks to decipher unknown gene function. 
Metabolomics, defined as the comprehensive analysis in which all the metabolites of an 
organism are identified and quantified, has emerged as a functional genomics 
methodology that contributes to our understanding of the complex molecular 
interactions in biological systems (Hall et al. 2002). Thus, metabolomics offers the 
unbiased ability to differentiate genotypes based on metabolite levels that may or may 
not produce visible phenotypes (Trethewey 2004). Furthermore, in those instances in 
which mutations or expression of trans-genes lead to measurable phenotypic changes, 
metabolomic approaches can be used to decipher the biochemical cause or consequence 
of the observed phenotypes. The functions of many genes, pathways and networks 
revealed in large scale sequencing projects can be inferred through nucleotide similarity 
with gene sequences of known function determined through traditional empirical 
methods. Moreover, systems biology although is related to functional genomics showed 
slightly different in its objectives. These approaches encompasses a holistic approach to 
the study of biology and the objective is to simultaneously monitor all biological 
processes operating as an integrated system, which allowed visualize how individual 
pathways or metabolic networks are interconnected (Oliver et al. 2002). Both, systems 
biology and functional genomics shared “omics” technologies in biological researches 
which have allowed predicting and explaining complex phenotypes in plants. 
 
3.2. Transcriptomics techniques  
 
The transcriptome encompasses the genes transcribed in any given organism, 
which include protein-coding mRNAs and non-coding small RNAs, such as ribosomal, 
tRNA, or miRNA. The transcriptome is a dynamic link between the genome, the 
proteome and the cellular phenotype (Rodrigues et al. 2014). The regulation of gene 
expression is one of the key processes for adapting to changes in environmental 
conditions and thus for survival. Hence, research in biology, biotechnology and 
medicine requires fast genome and transcriptome analysis technologies for the 
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investigation of cellular state, physiology and activity. Between the transcriptomics 
techniques, microarray technology, real-time quantitative PCR and the recently next 
generation sequencing of transcripts (RNA-Seq) have widely used in the plant 
molecular biology studies. Traditionally, transcriptome profiling has focused on 
quantifying gene expression (Curto et al. 2014; Fondevilla et al. 2014). With the advent 
of ultra high-throughput sequencing (UHTS) technologies, it is now possible to obtain 
highly resolved structural information of RNA populations on a high-throughput 
platform. This includes mapping transcript initiation and termination sites, splice 
junctions and post-transcriptional modifications (Pandey et al. 2003). Such information 
will lead to a better understanding of the functional elements within the genome and the 
discovery of novel developmental or environmental regulatory networks.  
 
3.2.1. Microarray 
 
 Complete sequences of genomes and comprehensive sets of cDNA sequences 
open the way to a huge range of biological problems. Microarray technologies offer an 
approach to study the differential gene expression of different probes using complex 
populations of RNA (Charpe 2014; Schulze and Downward 2001). A microarray is a 2D 
arrangement of known biochemical constituent of a biological system on a solid 
substrate that is useful in high throughput screening of biological material. Refinements 
of these techniques have allowed analyzing of copy number imbalances and gene 
amplification of DNA and have recently been applied to the systematic analysis of 
expression at the protein level. Various types of microarrays using information have 
been developed such as, DNA microarrays (e.g. cDNA microarrays, SNP microarrays), 
MMChips, tissue microarrays, antibody microarrays and glycoarrays (Charpe 2014). 
Microarrays have become one of the revolutionary technologies enabling 
comprehensive and high through-put surveys of DNA or RNA molecules on a genome-
wide scale (Lockhart and Winzeler 2000). Hence, this technique is a key element in 
today´s functional genomics toolbox, due to the method lies in miniaturization, 
automation and parallelism permitting large-scale and genome-wide acquisition of 
quantitative biological information from multiple samples.  
 
DNA microarrays have been recognized as multiplex technology that either 
measure DNA as part of its detection system, which were gradually developed from 
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southern blotting (Southern 1996; Southern et al. 1992). Hybridization of probe with the 
blotted nucleic acid fragment results in separation of radioactivity or chromogenic 
substrate that can be detected by autoradiography or colorimeter. Currently, DNA 
microarray are manufactured by robotic plotting of picomoles range of specific DNA 
sequences known as probes or reports on a solid substrate like glass slide, silicon chip 
and microscope beads as Illumina. The probes are attached to the respective solid 
surface by surface engineering using a matrix, such as epoxy-silane, amino-silane, 
lysine or others that binds the probe to the surface by a covalent bond. Thanks to this 
technique thousands of probes can be fixed to each cm2 area on the solid surface 
appearing like tiny dots known as features (Fig 9a). Thus, the arrays can contain several 
thousands of probes and several microarray platforms have been developed in plants 
(Wu et al. 2001), including crop species (Rensink and Buell 2005) and model plants, 
such as Medicago truncatula (Hohnjec et al. 2005; Küster et al. 2004), Lotus (Endo et 
al. 2002) and Arabidopsis (Zimmermann et al. 2004). Microarray probes might be 
prepared from available cDNA sequences from cDNA libraries developed by trapping 
expressed sequence tags (ESTs) those are usually 200–300 bp long; by in silico 
synthesis of 20–30 bp long non-overlapping oligonucleotide sequences or by using the 
nucleic acid sequences distinguishing the single nucleotide polymorphism (SNPs). The 
hybridization is performed using cDNA or cRNA target samples which are prepared 
from biological system under study that are subjected to a specific condition according 
the assay. For detection and quantification of hybridization of probe with the target, the 
target is labeled with the signal producing fluorophore, silver, or chemiluminescence 
labels (Fig 9b). Once the fluorescent sample is hybridised to a cDNA microarray, 
unbound material is washed away and the sample hybridized to each element is 
visualized by fluorescence detection. Both confocal scanning devices and CCD cameras 
are being used for this purpose. Fluorescence emission from the microarray is converted 
into a digital output for each dye, and is stored as separate image files. Next, image 
analysis software is used for quantification of individual array elements. Background 
fluorescence is then subtracted from the raw data. Although fluorescent signals 
measured (directly) on areas between the array elements are often employed for 
background, it is more appropriate to use signals from foreign, such as non-plant array 
elements that have been included on the array for plant microarray experiments 
(Kathleen Kerr 2003). Next, microarray data are normalized to correct for channel 
specific effects such as differences in quantum yield of the dyes and unequal labeling 
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efficiencies of the samples. Normalization also corrects for any unwanted differences in 
the amount of sample used. The use of housekeeping genes is a good an alternative. 
Thus, a set of these reference genes, included as probes on the array, could be used for 
channel normalization using a systematic validation procedure, such as geNorm 
software (Vandesompele et al. 2002). Subsequently, data exploration process must be 
carried out to interpret microarray data. Hence, several standard statistical techniques 
are currently being used to help interpret microarray data, including hierarchical 
clustering, principal component analysis (PCA) and self-organizing maps (SOM), which 
allowed grouping genes (or samples) together that show similar behavior. Hierarchical 
clustering of gene expression data in combination with false-colour coding of the 
expression levels has become a popular way of data analysis and presentation (Eisen et 
al. 1998). Thus, this technique allowed to group genes in clusters based on the similarity 
between their expression profiles. In a bottom-up approach genes are joined to form 
nodes, which in turn are then further joined.  
 
  
 
Fig. 9 cDNA array used in gene expression monitoring. 
samples. (b) DNA microarray hybridization and data acquisition
strategy often used with cDNA microarrays. cDNA from two different conditions is labeled 
with two different fluorescent dyes (usually Cy3 and Cy5), and the two samples are co
hybridized to an array. After washing, the array is scan
detect the relative transcript abundance for each condition (modified from 
Winzeler 2000 and Wu et al. 2001
 
 
 
(a) cDNA after hybridization of labeled 
. Two-colour hybridization 
ned at two different wavelengths to 
Lockhart and 
) 
Introduction 
 
41 
-
Miguel Curto Rubio 
   
 
42
 With respect to agricultural genomic research, group efforts have generated large 
amounts of sequence information, both as expressed sequence tags (EST) and as whole 
genome sequences. The full decoding of the model plant genomes, such as Arabidopsis 
and M. truncatula provides invaluable information for further understanding plant 
growth and development. A better understanding of these model plants can potentially 
be extrapolated to the improvement of other economically important plant species 
(Mittler and Shulaev 2013). In conclusion, the use of microarrays to explore gene 
expression on a global level is a rapidly evolving technology that seems set to become 
more powerful with the completion of the genomes. The biochemistry of the 
microarrays is proving very useful, and it seems likely that the significant advances in 
the next few years will come in the interpretation of the data sets generated. Currently, it 
seems that we may only be scratching the surface when it comes to extracting useful 
information from these large quantities of data. This will be improved by advances in 
bioinformatics, but will also require more thoughtful experimental design (Charpe 
2014). 
 
3.2.2. Quantitative real-time PCR 
 
Microarray analysis, with all its comprehensive analytical power, is not without 
limitations (i.e. sensitivity). Gene expression analysis by quantitative real-time 
polymerase chain reaction (qPCR) has been a key enabling technology of the post-
genome era (Taylor and Mrkusich 2014; VanGuilder et al. 2008). Hence, qPCR has 
become a routine and robust approach for measuring the expression of genes of interest, 
validating microarray experiments, and monitoring biomarkers (Canales et al. 2006). 
The current maturation of qPCR with fluorescent probes allows for rapid and easy 
confirmation of microarray results in a large number of samples. This methodology has 
been widely used for quantitation of RNA levels (Abbott et al. 1988; Bustin 2000). 
Hence, a number of early qPCR methods relying on end point analysis of PCR products 
were proposed soon after its development (Wang et al. 1989). Currently, qPCR 
represents the method of choice for analyzing gene expression of a moderate number of 
genes in anywhere from a small number to thousands of samples (Taylor and Mrkusich 
2014). 
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qPCR technology allows quantification of PCR products in “real time” during 
each PCR cycle, yielding a quantitative measurement of PCR products accumulated 
during the course of the reaction. In practice, a video camera records the light emitted 
by a fluorochrome incorporated into the newly synthesized PCR product. Thus, real-
time PCR allows the amplification to be followed in real-time during the exponential 
phase of the run, and thus allows the amount of starting material to be determined 
precisely. Contrary to end-point PCR techniques, the result is independent from the 
plateau corresponding to the saturation of the reaction, the latter leading to inaccurate 
quantification. Thus, qPCR allows the detection of a given nucleic acid target in a rapid, 
specific and very sensitive way. One of the relevant features of qPCR is its rapidity to 
provide reliable data. Typically, the time of a whole real-time PCR run ranges from 20 
min to 2 h. Indeed, the time needed to shift temperature is a major limiting factor 
responsible for the duration of a classical PCR experiment. In addition, several 
machines can accommodate 384 well plates and can process queuing plates over 24 h 
non-stop , which might be a determining advantage for high throughput studies or if 
rapid sample processing is required (Ponchel et al. 2003). Moreover, qPCR provides a 
high sensitivity for the detection of DNA or RNA due to a combination of the 
amplification for double-stranded DNA. Thanks to intercalating agents bind regardless 
of the nucleotide nature, they can be used for any type of sequence and this is an 
economical advantage for a laboratory testing a large number of genes. The use of 
fluorescence-based technologies including: (i) probe sequences that fluoresce upon 
hydrolysis or hybridization; (ii) fluorescent hairpins; or (iii) intercalating dyes (i.e. 
SYBR Green). These approaches require less RNA than end point assays, possess a 
wider dynamic range than gel-based densitometry (five orders of magnitude vs. two 
orders of magnitude), and are more resistant to nonspecific amplification (Kim 2001). 
qPCR methodology also is noteworthy to show a high grade of specificity. Thus, in 
contrast to techniques requiring the hybridization of nucleic acids several hundred base 
pairs long, such as cDNA-based microarray and northern blotting, short 
oligonucleotide-mediated real-time PCR guarantees a high specificity in the detection of 
the target sequence. However, the specificity of the progress must be checked after 
completion of the PCR run, by testing the nature of the amplified product with gel 
electrophoresis, melting curves or sequencing data. The last and most relevant qPCR 
feature is its quantification, which is up to several orders of magnitude (Pabinger et al. 
2009), and more recently in plants (Fletcher 2014; Li et al. 2014). This results from the 
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capacity of this technique to calculate, for every sample within an extremely low to high 
concentrations range, the number of cycles necessary to reach the threshold cycle (CT), 
which is defined as the PCR cycle at which the fluorescent signal of the reporter dye 
crosses an arbitrarily placed threshold. The absolute amount of the target is calculated 
from a calibration curve. Moreover, qPCR methods require normalization of gene 
expression against stably expressed reference genes (also called housekeeping genes) 
(Guénin et al. 2009; Huggett et al. 2005). Thus, in qPCR experiments, reference genes 
are used as controls to normalize the data by correcting for differences in quantities of 
cDNA used as a template. Reference genes must therefore be carefully selected based 
on experimental data. It´s recommended extracting total RNA from at least one or two 
samples from each experimental condition or time point and confirm their purity and 
quality. Next, to normalize the sample concentration and perform reverse transcription 
PCR from the same volume of each sample using the same volume of each cDNA 
sample as a template. To evaluate and select the best reference genes several methods 
and programs can be used, such as geNorm method (Vandesompele et al. 2002), which 
allow calculating the target stability between the different conditions. In addition, 
geNorm also helps in the selection of the optimal number of reference genes. 
 
Analysis of qPCR data has also reached a mature stage of development. Analyses 
can be either of absolute levels (i.e., numbers of copies of a specific RNA per sample) 
or relative levels (i.e., sample 1 has twice as much mRNA of a specific gene as sample 
2). By far, the majority of analyses use relative quantitation as this is easier to measure 
and is of primary interest to researchers examining disease states. For absolute 
quantitation, an RNA standard curve of the gene of interest is required in order to 
calculate the number of copies. In this case, a serial dilution of a known amount 
(number of copies) of pure RNA is diluted and subjected to amplification. Like a 
protein assay, the unknown signal is compared with the curve so as to extrapolate the 
starting concentration. Alternatively, a computation method for absolute quantitation 
has been proposed that does not use standard curves (Alvarez et al. 2007). The most 
common method for relative quantitation is the 2-∆∆CT method (Livak and Schmittgen 
2001) or E-∆∆CT method, where E is the geometric mean of PCR efficiencies of PCR 
reactions (Fig. 10). However, the 2-∆∆CT method relies on two assumptions. First is that 
the reaction is occurring with 100% efficiency; in other words, with each cycle of PCR, 
the amount of product doubles, which can be ascertained through a simple experiment 
  
as described in detail by Livak and
assumption is also one of the reasons for using a low cycle
still in the exponential phase, due to
are not limiting and there is no 
allows selecting PCR reactions whose PCR efficiencies are higher (near 2). 
E-∆∆CT method is an accurate method of the 2
efficiencies are used. Second assumption 
that are expressed at a constant level between the samples. This endogenous control will 
be used to correct for any difference in sample loading, which 
normalized gene expression values
can be used to generate a relative
described in the figure 10. Michael 
and others (Karlen et al. 2007
qPCR is an accurate, sensitive and reliable method for validating gene expression data.
 
 
Figure 10. Mathematical basis of 2
quantitation (treated sample is X fold of control sample) through measurements of crossing 
thresholds (CT). Formulas described allow calculating the differences between the 
interest and an endogenous control for each sample enable a relative quantitative comparison 
between the samples (modified from VanGuilder et al. 2008).
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3.2.3. Ultra high-throughput sequencing 
 
Biological research has been revolutionized by the introduction of dideoxy DNA 
sequencing, developed by Frederick Sanger et al. in the late ‘70s (Sanger et al. 1977). 
Recent advances in DNA sequencing have revolutionized the field of genomics, making 
it possible for even single research groups to generate large amounts of sequence data 
very rapidly and at a substantially lower cost. The succeeding advent and rapid 
development of the so-called next-generation sequencing (NGS), second-generation 
sequencing, high-throughput next-generation sequencing (HT-NGS) or ultra-high-
throughput sequencing (UHTS) technologies ushered in an era in which reading an 
organism’s genome has almost become a routine practice (Martin and Wang 2011; 
Wang et al. 2009). In addition to the sequencing of whole genomes, the development of 
different NGS methods and protocols has enabled a wide range of applications. To date, 
these technologies have been applied in a variety of contexts, including whole-genome 
sequencing, targeted resequencing, discovery of transcription factor binding sites, and 
non-coding RNA expression profiling. These technologies offer the potential to study 
the transcriptomes in detail that has traditionally been restricted to single gene surveys. 
For instance, it is now possible to globally define transcription start sites, 
polyadenylation signals, and alternative splice sites and generate quantitative data on 
gene transcript accumulation in single tissues or cell types. These technologies are thus 
paving the way for whole genome transcriptomics and will undoubtedly lead to novel 
insights into plant development and biotic and abiotic stress responses (Wang et al. 
2010).  
 
Two UHTS methods are mainly used to capture and sequence RNA pools. In both 
methods mRNA pools are enriched by capturing the molecules through the 
polyadenylated tails, and a ribosomal RNA removal step is often added before or after 
the mRNA purification. The first method captured mRNA-enriched pools, which are 
then fragmented into roughly equal lengths and then reverse-transcribed using random 
hexamers to generate a cDNA library. In the second method, RNA is reverse transcribed 
using an oligo-(dT)-adapter primer and the resulting cDNA is fractionated. The cDNAs 
are then fitted with adaptors at one or both ends through a ligation step(s). It is desirable 
to add these adaptors during the single-strand stage (RNA or cDNA) synthesis step in 
order to retain strand specificity in the final sequence reads (Simon et al. 2009). The 
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tagged cDNA library is subsequently amplified through PCR before being sequenced. 
Procedures of smRNA sequencing are very similar to those of smRNA-seq, substituting 
a size-selection step for small RNA molecules for the RNA fragmentation step (Simon 
et al. 2009). Moreover, other methods such as ‘Digital gene expression (DGE)’ also 
allow studying the transcript profiling (Linsen et al. 2009), which is qualitatively similar 
to serial analysis of gene expression analysis (SAGE), in that single transcripts are 
identified through a 30 end tag (Hu and Polyak 2006). However, this technique suffers a 
number of shortcomings including a dependence on a relatively small tag (21 and 20 
bps when using NIaIII and DpnII, respectively) resulting in a large number of redundant 
placements in complex genomes, large differences in library populations if multiple 
restriction enzymes are used to generate the 30 tags, and low correlations between 
cDNA-based methods, where gene transcripts are represented by multiple alignments. 
 
The most used UHTS platforms are currently commercialized by Roche 454 (GS 
FLX and GS Junior), Illumina (HiSeq, Genome Analyzer and MiSeq), and Life 
Technologies (SOLiD System and Ion Torrent sequencers). 454 pyrophosphate-based 
sequencing, also called “pyrosequencing”, builds on a sequencing-by-synthesis 
approach. The latter involves determining the sequence of a DNA template by 
synthesizing the complementary DNA. A single-stranded DNA fragment is made 
double-stranded by the use of an enzyme (polymerase) that works its way along the 
fragment, starting at one end. This results in the release of inorganic pyrophosphate 
which – through a series of enzymatic reactions – produces visible light signals. The 
amount of light is recorded by a camera, and it is proportional to the number of 
nucleotides incorporated (Schuster 2008). Consecutive runs of the same nucleotide are 
referred to as homopolymer runs. Similarly to 454, also Illumina uses sequencing-by-
synthesis, and a camera captures the fluorescently labeled nucleotides. DNA extensions 
occur one nucleotide at a time (as opposed to 454 sequencing where all nucleotides of a 
homopolymer run are represented by one light signal). Current read lengths are around 
100-150 bp. A detailed description of the technology can be found in Bentley et al. 
(Bentley et al. 2008). The SOLiD platform differs from 454 and Illumina in that it does 
not rely on sequencing-by-synthesis, but uses DNA ligase and complementary probes to 
sequence the amplified fragments (Grada and Weinbrecht 2013). It reaches read lengths 
of around 75 bp. The technology is presented in Valouev et al. (Valouev et al. 2008). 
When HeliScope launched the first single-molecule sequencing technology in 2008, a 
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third generation of sequencers was born (Harris et al. 2008), and the term NGS was no 
longer referring to second-generation sequencers only. Schadt et al. (Schadt et al. 2010) 
and Blow (Blow 2008) provide an overview of HeliScope and nanopore (Venkatesan 
and Bashir 2011) sequencing.  
 
To date, several groups have used UHTS for discovery-based studies of the 
mRNA populations in plants. Early analyses in crops (Emrich et al. 2007) and model 
plants, such as Medicago (Cheung et al. 2006) and Arabidopsis (Weber et al. 2007) used 
the 454-pyrosequencing platform. From their work, close to two million unique 
sequences were generated from pyrosequencing and over one third of these sequences 
were mapped to Medicago BACs (Bacterial Artificial Chromosomes) and over ten 
thousand novel transcripts were identified (Cheung et al. 2006). In a similar study by 
Weber and colleagues, over 5 million ESTs were generated from Arabidopsis seedlings 
(Weber et al. 2007). As a newly developed technology, UHTS transcriptomics faces 
many unique challenges. The most apparent obstacle arises from the complexity of the 
sequence data that is generated by the UHTS platforms. To process, interpret and 
visualize these large datasets, it is necessary to develop efficient and sophisticated 
algorithms and pipelines. Hence, several challenges exist to making this technology 
broadly accessible to the plant research community. These include the current need for a 
computationally intensive analysis of data sets, a lack of standardized alignment and 
formatting procedures and a relatively small number of analytical software packages to 
interpret UHTS outputs.  
 
3.3. Proteomics techniques 
 
Proteomics, the systematic analysis of the proteome, is a powerful tool in the post-
genomic era and constitute a priority research for any organism (Breker and Schuldiner 
2014; Jorrin-Novo 2014). Marc Wilkins was the first to coin the term “proteomics”, 
during the 1994 Siena Meeting, to simply refer to the “PROTein complement of a 
genOME” (Wilkins et al. 1995). The proteome can be defined as being the total set of 
protein species present in a biological unit (organule, cell, tissue, organ, individual, 
species and ecosystem) at any developmental stage and under specific environmental 
conditions. By using proteomics we aim to know how, where, when, and what for are 
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the several hundred thousands of individual protein species produced in a living 
organism, how they interact with one another and with other molecules to construct the 
cellular building, and how they work with each other to fit in with programmed growth 
and development, and to interact with their biotic and abiotic environment (Jorrín-Novo 
2009). This methodology should be considered as part of a multidisciplinary integrative 
analysis at different levels, extending from the gene to the phenotype through proteins. 
Nowadays, proteomics has become more than just an appendix of genomics or an 
experimental approach but a complex scientific discipline dealing with the study of the 
cell proteome. Proteomics has expanded rapidly in recent years due to the completion 
genomes and the development of new techniques (Zhang et al. 2014). Different areas 
within proteomics can be defined (Jorrin-Novo 2014; Jorrín-Novo 2009): 
 
i) Descriptive proteomics, including intracellular and subcellular proteomics, 
directed towards increasing proteome coverage of many plant species, rice 
(Kim et al. 2014; Komatsu et al. 2004), tomato (Ruiz May and Rose 2013; 
Xu et al. 2013), pine (Garcés et al. 2014; Valledor et al. 2008), wheat (Cao et 
al. 2014), pea (Schiltz et al. 2004), and specially model plant species such as 
Arabidopsis (Rödiger et al. 2014) and M. truncatula (Mathesius et al. 2001; 
Watson et al. 2003), among many others. In addition, subcellular 
fractionation techniques are key methods in plant proteomics which have 
allowed studying the proteomes of particular subcellular structures, 
especially chloroplast (Baginsky and Gruissem 2004; Gutierrez-Carbonell et 
al. 2014) and mitochondria (Huang et al. 2014).  
ii) Differential expression proteomics have been widely used to study almost 
any process in plants, including growth and development, signalling, 
senescence, ripening, nutrition and stresses (Jorrín-Novo 2009; Jorrín-Novo 
et al. 2007; Jorrín-Novo et al. 2009). 
iii) Post-translational modifications (PTMs) modulate the activity of most 
eukaryote proteins due to PTM generate tremendous diversity, complexity 
and heterogeneity of gene products, and their determination is one of the 
main challenges in proteomics research (Mann and Jensen 2003). However, 
PTMs in plants remains almost unexplored with the exception of the 
phosphoproteome (Kersten et al. 2009). 
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iv) Interactomics, with the aim of unveiled the complex relationship between 
proteins and other molecules for a system biology approach (Braun et al. 
2013). Hence, one of the most important goals of post-genomic research for 
defining gene function and understanding the function of macromolecular 
complexes involves creating ‘interactome’ maps from empirical or inferred 
datasets. Some high-throughput technologies have been applied to plant 
systems to increase the knowledge in plant interactomes, especially within 
selected plant models (Geisler-Lee et al. 2007), for which large ORF 
collections of full-length cDNAs are already available. This knowledge will 
greatly improve our understanding of the mechanisms that control protein 
interaction and organize molecular structures in plants (Braun et al. 2013). 
v) Proteinomics (targeted or hypothesis-driven proteomics), aimed at studying a 
particular protein using a multiapproach strategy, within the complex 
network of molecular machinery in a biological process. In plants, 
proteinomics and interactomics remain the main challenges. 
 
Proteomics methodologies have become routine protocols in many plant 
laboratories worldwide in plant biology research during the last decade, ushering the 
“second-generation plant proteomics”. Hence, plant proteomics has witnessed a 
substantive increase in online resources, tools and repositories (Jorrin-Novo 2014; 
Jorrín-Novo and Valledor 2013; Jorrín-Novo et al. 2007; Jorrín-Novo et al. 2009; 
Sakata and Komatsu 2014). Thus, recently plant research studies have moved towards 
the use of new platforms, such as DIGE (Vera-Estrella et al. 2014) as well as 
quantitative approaches (iTRAQ, SILAC and gel-free) (Martínez-Esteso et al. 2014; 
Matthes et al. 2014; Yin et al. 2014). In addition, multiple reaction monitoring mass 
spectrometry (MRM) have greatly enhanced the specificity and sensitivity of MS-based 
assays permitting the absolute quantification of analytes (proteins, peptides) within 
complex mixtures in plant research studies (Kitteringham et al. 2009; Yan et al. 2014). 
Plants proteomics is nowadays making practical contributions to applied fields, such as 
biomedicine, agronomy through studies of the equivalence of transgenic crop (Salekdeh 
and Komatsu 2007), studies of heterosis (Kristensen et al. 2010) and food science, 
through studies of food quality control and traceability (Cifuentes 2012), among others. 
Several multinational coordinated projects are currently carrying out, such as the “Green 
Proteome” that is one of the major challenges for plant proteomics. One of its benefits 
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has been the establishment of a searchable database of MS/MS reference spectra derived 
from wide organism, including model plants (Arabidopsis, and Medicago truncatula) 
and crops, such as potato (Solanum tuberosum) and tomato (Solanum lycopersicum), 
among other plants (Wienkoop et al. 2012). This database is an important tool that 
allows reliable protein identification through a genome-independent approach, since 
newly generated MS/MS spectra can be matched against previous experimental MS/MS 
spectra. In addition, other initiatives that deserve to be mentioned are the plant 
proteomics in Europe (COST Action FA0603).  
 
Nevertheless, proteomics techniques have a number of limitations, such as 
sensitivity and speed of data capture. Thus, despite the continuous development and 
improvement of powerful proteomic techniques, protocols, instruments and 
bioinformatic tools, just a minimal fraction of the cell proteomes, and for only a few 
organisms, have been characterized. This is mainly due to the enormous diversity and 
complexity of proteomes, and to technical limitations in quantification, sensitivity, 
resolution, speed of data capture, and analysis. In addition, some recalcitrant proteomes, 
such as highly hydrophobic proteins and protein trafficking are still an unresolved 
issues (Jarvis 2008; Lunn 2007). Thus, some proteins have been identified at the 
“apparently wrong” location (Millar et al. 2006). Moreover, some questions are starting 
to be answered, including the potential number of protein species per gene as a result of 
posttranscriptional and posttranslational modifications, protein trafficking and 
interactions events. 
 
A proteomic workflow includes the following steps: experimental design, 
sampling, sample preparation, protein extraction/fractionation/purification, 
labeling/modification, separation, MS analysis, protein identification, and statistical 
analysis of data and validation (Fig. 11). The protocols to be used depends on the 
objectives of the research (descriptive, comparative, PTMs, interactions, proteinomics) 
and must be optimized for the biological system (i.e. plant species, organ, tissue, cells) 
(Jorrin-Novo et al. 2008; Jorrín-Novo 2009; Jorrín-Novo et al. 2009). An appropriate 
experimental design, followed by decisive statistical methods is mandatory to extract all 
the information of any proteomic experiment (Lee and Cooper 2006; Valledor and 
Jorrín 2011; Valledor et al. 2014) and several tools have been developed for evaluating 
the success of current designs and for predicting the performance of future, better-
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designed proteomics experiments (Eriksson and Fenyo 2007; Galetskiy et al. 2008). 
This simulation provides a holistic view of a general analytical experiment and attempts 
to identify the factors that affect the success rate. Thus, several parameters must be 
analyzed to simulate the steps of a proteome analysis: i) the distribution of protein 
amounts in the sample analyzed:; ii) the loss of analyte material and the maximal limit 
of the amount loaded at each step of sample manipulation (e.g. separation, digestion, 
and chemical modification); iii) the dynamic range, the detection limit and the losses 
associated with MS analysis. In addition, the establishment of an adequate number of 
replicates is crucial for any differential expression proteomics experiment, which should 
be set up while taking into account the dynamic nature of the proteome. This makes 
sense when searching for proteins that can be used as markers of disease or when 
looking for protein markers to develop plant breeding programmes.  
 
Figure 11. Interactions between the functional genomics approaches and standard workflow in 
a proteomic experiment. Proteomics have a central position in this scheme and several relevant 
steps are shown to analyze and characterize a biological system at the proteome level (modified 
from Jorrin-Novo et al., 2008; Baginsky 2009 and Dettmer et al. 2007). 
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Previously plant research works have analyzed plant proteomes determining the 
analytical and biological variability (Jorge et al. 2005; Valledor et al. 2008), as well as 
guidelines that described, in an understandable way, the current methodologies available 
to deal with all the stages of the experimental design, data processing and analysis 
(Valledor and Jorrín 2011). 
 
The protein extraction protocol is a crucial step in a proteomic experiment. The 
following sentence summarized their importance: only if you can extract and solubilise 
a protein you have the chance to detect and identify it. In the plant proteomics is even 
more important, due to the low protein content relative to other systems, the presence of 
the cell wall and vacuoles that account for the majority of the cell mass, the presence of 
proteases and oxidative enzymes, and the accumulation of large quantities of 
polysaccharides, lipids, phenolics and other secondary metabolites (Isaacson et al. 2006; 
Martínez-Maqueda et al. 2013). An ideal extraction method should be highly 
reproducible and should extract the greatest number of protein species, while at the 
same time reducing the level of contaminants and minimizing artifactual protein 
degradation and modification (Maldonado et al. 2008; Wang et al. 2008). Two main 
types of extraction protocols have been used with plant material. First method involves 
tissue homogenisation in buffer-based media, while the second one uses organic solvent 
media (TCA-acetone, phenol, precipitation protocols), although both protocols can be 
combined. Since no single protein extraction protocol can capture the full proteome, the 
chosen protocol should be optimized for the particular plant tissue and research 
objective. In addition, due to the extreme complexity of the proteome and the large 
dynamic range in protein abundance, sample prefractionation is a good approach to 
solve these problems. In plant tissues one the major limitations is the great abundance of 
RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase), resulting in artifacts or 
false positives or impossibility to reach low abundance protein at worst. Hence, several 
research works have reported the applicability of RuBisCO depletion protocols, such as 
polyethylene glycol fractionation (Aryal et al. 2011; Xi et al. 2006), RuBisCO depletion 
columns for leaf proteomic analysis (Cellar et al. 2008) or specific precipitation (Kim et 
al. 2013).  
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The combination of SDS-PAGE, band cutting, trypsin digestion and LC 
separation of the resulting peptides remains the proteomic technique capable of 
providing the greatest protein coverage (Tribl et al. 2008). In addition, electrophoretic 
methods can be made compatible with chemical labeling in order to allow quantitative 
proteomics using such techniques as iTRAQ (Zieske 2006). Two-dimensional gel 
electrophoresis (2-DE) is by far the predominant separation technology, and it is 
continuously being evaluated and improved in the areas of separation of hydrophobic 
proteins (Braun et al. 2007), gel staining (Chakravarti et al. 2010; Wang et al. 2007), 
image capture and analysis (Grove et al. 2008; Komsta et al. 2011) and automation 
(Demianová et al. 2007). Recently, blue native polyacrylamide gel electrophoresis (BN-
PAGE) has become very popular for analyzing membrane proteins and protein 
complexes (Wittig et al. 2006), which preserve the advantages of the technique and use 
it with in-gel fluorescent detection and in-gel catalytic activity assays. In BN-PAGE, 
coomassie dye in the cathode buffer can be replaced with non-coloured mixtures of 
anionic and neutral detergents (Van Leene et al. 2007). In addition, research works have 
reported have reported protocol for native 3-D electrophoresis that allows exhaustive 
separation and identification of membrane proteins (D’Amici et al. 2008). 
 
Statistical analysis and validation of proteomic data is another issue in which 
proteomics has greatly evolved. First plant comparative proteomics research works have 
used arbitrary criteria (fold ratios) or univariate parametric and non-parametric 
statistical tests, namely Student's t-test or Mann–Whitney U-test to compare two groups 
and ANOVA or Kruskal–Wallis to compare more than two groups. However, these tests 
analyze individual spots instead of the complete set, omitting information about 
correlated variables. Multivariate data analysis methods, such as principal component 
analysis (PCA), are now used to pinpoint spots that differ between samples. These 
multivariate methods focus not only on differences in individual spots, but also on the 
covariance structure between proteins (Jacobsen et al. 2007). Nevertheless, the results of 
these methods are sensitive to data scaling, and they may fail to produce valid 
multivariate models due to the high number of spots in the gels that do not contribute to 
the discrimination process (Nedenskov Jensen et al. 2008). One of the limitations of 
PCA analysis is that it does not allow missing values, a problem that can be avoided by 
imputing them when possible (if enough replicates are available) (Albrecht et al. 2010). 
In contrast to these multivariate methods, univariate tests increase the number of false 
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positives, and for each species, a measure of significance reflecting rates of false 
discovery should be calculated. This measure of significance is called a q value (Karp et 
al. 2007). Moreover, proteomic data should be validated in order to go beyond 
description or speculation. Thus, HUPO's proteomic standard initiative has developed 
the “minimum information about a proteomics experiment” (MIAPE) documents 
(Taylor et al. 2007) to develop a guidance modules that to encourage the standardized 
collection, integration, storage and dissemination of proteomics data. The establishment 
of repositories containing MS/MS reference spectra will be very useful and will 
contribute to facilitate protein identification and quantification via a genome-
independent approach, especially in the case of orphan species. 
 
Despite the continuous development and improvement of powerful proteomic 
techniques, protocols, equipments and bioinformatic tools, just a minimal fraction of the 
cell proteome, and for only a few organisms, has been characterized so far. This is 
mainly related to the enormous diversity and complexity of proteomes, and to technical 
limitations in quantitation, sensitivity, resolution, speed of data capture and analysis. 
Specially, plant biology research is far from fully exploiting the potential of proteomics. 
Thanks to completion of plant genomes their annotation into plant databases and the 
new bioinformatic tools have allowed to grow the plant proteomics research, increasing 
confidence in protein identification and characterization. 
 
3.3.1. One and two-dimensional electrophoresis 
 
The proteome represents the array of proteins that are expressed in a biological 
compartment at a particular time, under a particular set of conditions. Because proteins 
are key structural and functional molecules, molecular characterization of proteomes is 
necessary for a complete understanding of biological systems. Hence, large-scale, 
comprehensive analysis of proteins is the main aim of proteomics. Electrophoresis 
separation proteins was introduced in the early 70s (Laemmli 1970) and soon became 
very widely used by protein biochemists. Two high-performance electrophoretic 
separations of proteins were available: i) zone electrophoresis of proteins in the 
presence of SDS, as described in its almost final form by Laemmli (Laemmli 1970), a 
technique that instantly became very popular, and still is, and ii) denaturing isoelectric 
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focusing, as described for example by Gronow and Griffith (Gronow and Griffiths 
1971). In 1975, the first successful two-dimensional electrophoresis method that 
included both separation parameters (molecular weight and isoelectric point), was 
published (Macgillivray and Wood 1974). O'Farrell changed the situation dramatically 
one year later, with the seminal paper of O'Farrell (O'Farrell 1975), which coupled 
better technical choices increasing the resolution as, as expected, much greater than with 
other two-dimensional techniques separately. However, two core features of these early 
days had very strong consequences. The first is the rather poor reproducibility of 
isoelectric focusing with carrier ampholytes, which is prone to several problems such as 
cathodic drift (Righetti 1983). Hence, methods allowing to run several gels in parallel 
were developed to increase sample to sample reproducibility, and this parallelicity is 
still very widely used today (Anderson and Anderson 1978). The second one was the 
absence of techniques enabling to identify a specific protein spot on a 2D gel. In the 
80´s the intense researches carried out overcoming these pitfalls, on the one hand with 
the introduction of immobilized pH gradients (Görg et al. 1988; Görg et al. 1987) and 
on the other hand with protein identification with Edman sequencing (Aebersold et al. 
1987). 
 
One-dimensional gel electrophoresis, in combination with appropriate software, is 
a powerful proteomics tool that provides information about the molecular size, amount, 
and purity of a protein sample (Fig. 12 b). This proteomic approach is a simple and 
reliable technique for finger-printing crude plant extracts (Supek et al. 2008), and is 
especially useful in the case of hydrophobic and low-molecular-weight proteins. 
Separated proteins can be recovered from polyacrylamide gels for subsequent 
characterization by a variety of secondary techniques, such as mass spectrometry to 
determine post-translational modifications and the amino acid sequence. Protein 
separations in vertical slab gels are performed in a variety of formats. Most recently, 
small format minigels are typical due to their ease of use, low relative cost, and ready 
commercial availability. Larger gels provide more separation area and thus better 
resolution for complex samples and continue to be in use for specialized analysis. This 
methodology have been applied successfully in plant protein extracts, including forest 
plant (Galván et al. 2011), crops (Gupta and Shepherd 1990; Krochko and Bewley 
1990), among others. The combination of Sodium Dodecyl Sulfate-Polyacrylamide Gel 
Electrophoresis (SDS-PAGE), band cutting, trypsin digestion and LC separation of the 
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resulting peptides remains the proteomic technique capable of providing the greatest 
protein coverage (de Godoy et al. 2006; Han et al. 2001). In addition, electrophoretic 
methods can be made compatible with chemical labeling in order to allow quantitative 
proteomics using such techniques as iTRAQ (Lengqvist et al. 2007). 
 
 
 
Figure 12. Scheme of principle of gel electrophoresis. (a) The total process starts with the 
extraction of proteins from the biological sample to get an extract compatible with 
electrophoretic methods. (b) In one-dimensional gel electrophoresis assays, the sample is loaded 
onto gel and the proteins are separated according to their molecular masses. In the case of two-
dimensional gel electrophoresis experiments, the protein extracts is loaded onto a pH gradient 
(a1) oriented with the acidic side at the anode and the basic side at the cathode. (a2) After the 
IEF step, the proteins have reached their pI and thus have no remaining electrical charge. (a3) 
The strip is then equilibrated in a SDS-containing buffer, so that all proteins become strongly 
negatively charged. (a4) The IEF gel is then loaded on top of a SDS PAGE gel, and the proteins 
are separated according to their molecular masses. After this step, the proteins are detected 
directly on the gel (modified from Rabilloud and Lelong 2011). 
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Two-dimensional gel electrophoresis (2-DE) with immobilized pH gradients 
(IPGs) is by far the predominant separation technology (Rabilloud and Lelong 2011), 
and it is continuously being evaluated and improved in the areas of separation of 
hydrophobic proteins (Braun et al. 2007), gel staining (Harris et al. 2007; van den 
Broeck et al. 2008), image capture and analysis (Berth et al. 2008; Dunn et al. 2008; 
Maurer 2006) and automation (Demianová et al. 2007) (Fig. 12 a, a1 to a4). 2-DE is not 
without numerous technical difficulties and inadequacies. Thus, there are problems 
associated with reproducibility, resolution, proteins with extremes of pI (isoelectric 
point), recovery of hydrophobic proteins and large molecular weight proteins, poor 
representation of low abundance proteins, visualization methods, analysis and 
normalization of images and, finally, compatibility with mass spectrometric techniques 
that are generally employed in the identification of protein species of interest (Görg et 
al. 2000). Pre-electrophoretic subfractionation has proved a successful approach 
towards the simplification of protein mixtures (Butt et al. 2001). Specially, 
prefractionation of proteins with Triton-X114, chloroform/methanol or sodium 
carbonate washes, and sequential extraction by detergents can partly resolve the 
solubilization of protein (Santoni et al. 2000). From them, the most criticisms of 2-DE is 
its low precision, with relative standard deviations reported to fall in the range of 15–
70%. The major source of variability for this technique can be attributed to the transfer 
between the first and the second dimension, the analyst's expertise and the detection of 
separated proteins (Valcu and Valcu 2007), as well as the irregular changes in the 
background signal from gel to gel, this can be solved using fluorescence labeling. To 
compare 2-DE maps between samples, which could be analytical or biological 
replicates, cells, tissues, organs or treatments, plant proteomic papers prior to the 
reviewed period used arbitrary criteria (fold ratios) or univariate parametric and non-
parametric statistical tests, namely Student's t-test or Mann–Whitney U-test to compare 
two groups and ANOVA or Kruskal–Wallis to compare more than two groups. 
Nevertheless, these tests analyze individual spots instead of the complete set, omitting 
information about correlated variables. Multivariate data analysis methods, such as 
principal component analysis (PCA), are now used to pinpoint spots that differ between 
samples, which focus not only on differences in individual spots, but also on the 
covariance structure between proteins (Jacobsen et al. 2007). However, the results of 
these methods are sensitive to data scaling, and they may fail to produce valid 
multivariate models due to the high number of spots in the gels that do not contribute to 
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the discrimination process (Nedenskov Jensen et al. 2008). In contrast to these 
multivariate methods, univariate tests increase the number of false positives, and for 
each species, a measure of significance reflecting rates of false discovery should be 
calculated. This measure of significance is called a q value, which has been described 
by Karp et al. (Karp et al. 2007).  
 
Blue native polyacrylamide gel electrophoresis (BN-PAGE) can be used for one-
step isolation of protein complexes from biological membranes and total cell and tissue 
homogenates. In addition, BN-PAGE can also be used to determine native protein 
masses and oligomeric states and to identify physiological protein–protein interactions. 
By BN-PAGE, native complexes are recovered from gels by electroelution or diffusion 
and are used for 2D crystallization and electron microscopy or analyzed by in-gel 
activity assays or by native electroblotting and immunodetection (Wittig et al. 2006). 
This methodology has become very popular for analysing membrane proteins and 
protein complexes, but in some cases, as in the analysis of chloroplast light-harvesting 
complexes (LHC), it shows poor resolution, especially for proteins in the range of 22–
25 kDa (Gómez et al. 2002). In order to preserve the advantages of the technique and 
use it with in-gel fluorescent detection and in-gel catalytic activity assays, Coomassie 
dye in the cathode buffer can be replaced with non-coloured mixtures of anionic and 
neutral detergents (Van Leene et al. 2007). In addition, new approaches in protein 
electrophoresis have been described, such as 3D native electrophoretic protocol 
proposed by D'Amici et al. (D’Amici et al. 2008), which allows exhaustive separation 
and identification of membrane proteins. This is based on native liquid phase 
isoelectrofocusing (N-LP-IEF) of protein complexes in the first dimension, followed by 
blue native polyacrylamide gel electrophoresis (BN-PAGE) in the second dimension, 
where both the pI and the molecular masses of protein complexes (2D N-LP-IEF-BN) 
were used to separate them in their native form. Finally, each single component can be 
resolved using denaturing electrophoresis (3D N-LP-IEF-BN-SDS-PAGE). 
 
Despite the many advances and improvements in alternative separation 
technologies over the intervening years, 2-DE is still the method of choice to investigate 
a cell’s/organism’s proteome, as it is capable of resolving perhaps 3000 individual 
protein spots on a single gel (Lilley et al. 2002). This capability has led to its almost 
universal use to resolve the multitude of different proteins in a cell or tissue. Since the 
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spots (features) identified are now essentially pure, these spots can be picked (purified), 
proteolytically or chemically digested, and the resulting peptides used to identify the 
protein(s) present in the original spot using a mass spectrometric technique (Aebersold 
and Mann 2003). In all cases, the downstream processes rely absolutely on the ability to 
obtain maximum resolution of as many proteins as possible over the two-dimensional 
gel to reduce the possibility of cross-contamination with closely migrating protein spots.  
 
3.3.2. Mass spectrometry 
 
Mass spectrometry (MS)-based proteomics is the study of the entire complement 
of proteins and their modifications expressed by a given cell, subcellular compartment, 
tissue, or whole organism (Dettmer et al. 2007; Van Riper et al. 2013). MS has 
simplified protein analysis and characterization, and several important and recent 
innovations have extended their capabilities (Vaudel et al. 2014). Hence, MS has 
become the analytical technology of choice to analyze biological systems and to reveal 
their complex functions and interactions (Reinders et al. 2004). Nowadays, it is possible 
to measure the mass of proteins and peptides at the fmol level using MS with high 
accuracy, and to identify efficiently a number of proteins using software developed for 
proteome research. In addition, MS is also used frequently in the analysis of the protein 
expression, post-translational modification and protein–protein interaction. Thanks to 
the ability of mass spectrometry to identify and, increasingly, to precisely quantify 
thousands of proteins from complex samples can be expected to impact broadly on 
biology. 
 
In spite of 2DE is an powerful proteomic tool, it`s an descriptive technique. Thus, 
a reliable technique for the identification of the separated protein species is necessary. 
At early 1990s two revolutionary techniques was developed, matrix-assisted laser 
desorption ionization (MALDI) time-of-flight (TOF) MS techniques, (Hillenkamp et al. 
1991; Karas and Hillenkamp 1988) and electrospray ionization (ESI) (Dewald 1999; 
Fenn et al. 1989) MS and tandem mass spectrometry (MS/MS) replaced the slower and 
less sensitive chemical degradation methods (Aebersold et al. 1987; Lin et al. 1988) as 
the methods of choice for the identification of proteins separated by 2DE (Dunn and 
Corbett 1996; Shevchenko et al. 1996). Mass spectrometry has made rapid progress as 
an analytical technique, particularly over the last decade, with many new types of 
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instrumentation being introduced. Constant refinements to sensitivity, selectivity and 
mass measurement accuracy have transformed mass spectrometry, leading to its wide 
scale uptake by the life sciences community with many reviews being published on the 
method of mass spectrometry and its applications to biological sciences. Recent reviews 
have surveyed the type of instrumentation that is currently dedicated to proteomics 
research and the wide range of proteomes investigated (Van Riper et al. 2013; Vaudel et 
al. 2014). 
 
The principles of mass spectrometry can be envisaged by four functions of the 
mass spectrometer, ionization, separation of ions by mass, measurement of mass and 
measurement of abundance. Mass spectrometers consist of three essential parts, ion 
source, mass spectrometer and ion detector. The first, an ionization source, converts 
molecules into gas-phase ions. Once ions are created, individual mass-to-charge ratios 
(m/z) are separated by a second device, a mass analyzer, and transferred to the third, an 
ion detector. Ionization is fundamental as the physics of mass spectrometry relies upon 
the molecule of interest being charged, resulting in the formation of either a positive ion 
or negative ion. Whilst this is a strength of the technique it is also a weakness, as the 
connection between ‘‘the ion’’ and the neutral moiety it must represent may be removed 
as ionization is a suprathermal process imparting internal energy to the ion which can 
lead to rearrangement and even fragmentation. Upon ionization a molecular ion species 
(generally an adduct ion) is formed and, depending on the ionization method, fragment 
ions may also be created. A range of ionization techniques are available (Table 1), 
together with their principal attributes and suitability for proteomic study. The most 
used methods in ionization of proteins and peptides, in the ion source, are matrix-
assisted laser desorption ionization (MALDI) and electrospray ionization (ESI). 
MALDI creates ions by excitation of molecules that are isolated from the energy of the 
laser by an energy absorbing matrix. The laser energy strikes the crystalline matrix to 
cause rapid excitation of the matrix and subsequent ejection of matrix and analyte ions 
into the gas-phase. ESI creates ions by application of a potential to a flowing liquid 
causing the liquid to charge and subsequently spray. The electrospray creates very small 
droplets of solvent-containing analyte. Solvent is removed as the droplets enter the mass 
spectrometer by heat or some other form of energy (e.g. energetic collisions with a gas), 
and multiply-charged ions are formed in the process. ESI together with its low-flow 
variants, such as nanoflow-ESI, continues to dominate as one of the two preferred 
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ionization methods for proteomics (Griffiths et al. 2001). The method involves spraying 
the multiply charged ions into a specially designed charge reduction chamber placed at 
the entrance of the mass spectrometer. It is also well established that the sensitivity of 
electrospray increases as the flow rate of the spray reduces: miniaturization of spray 
devices (Shen et al. 2003) has been described and their improvement on signal intensity 
in LC/MS applications has shown sub attomol detection limits can be achieved. In 
addition, other ionization techniques, such as Fourier transform ion cyclotron resonance 
MS (FT-MS) (Liu et al. 2014b), which allows analyzing the sequence information and 
post-translational modification of proteins automatically without preparation by 2-DE 
and liquid chromatography (LC). 
 
Table 1. Main ionization techniques and mass analyzers types used in mass spectrometry and 
features (modified from Newton et al. 2004). 
 
 
The mass analyzer is, literally and figuratively, central to the technology. In the 
context of proteomics, its key parameters are sensitivity, resolution, mass accuracy and 
the ability to generate information-rich ion mass spectra from peptide fragments 
(tandem mass or MS/MS spectra). The mass analyzer uses a physical property [e.g. 
electric or magnetic fields, or time-of-flight (TOF)] to separate ions of a particular m/z 
value that then strike the ion detector. Thus, the ion species are separated according to 
their mass-to-charge (m/z) ratio, and the masses assigned from the measurement of 
some physical parameter. Usually the mass is measured to better than 0.4 u so that a 
Ionization 
Technique Typical ions Upper limit of mass range a Usage 
Electrospray (ESI)/microspray/nanospray Multiply protonated [M + nH] n+ 10
5
–106 u Wide 
Matrix-assisted laser desorption/ 
ionization (MALDI) 
Singly protonated, 
[M + H]+ 10
5
–106 u Wide 
Atmospheric pressure chemical 
ionization (APCI) [M + H]
+
 <2000 u 
Small chemicals; 
excellent for 
quantitation 
Atmospheric pressure photoionization 
(APPI) M
+
 <2000 u 
Extends the compound 
range 
of APCI 
Electron impact ionization M+ <3000 u Synthetic/organic 
chemistry 
Chemical ionization M + NH4+ <2000 u 
Synthetic/organic 
chemistry 
Mass analyzers 
Ttype Measures Mass-to-charge (m/z) range 
Mass measurement 
accuracy (ppm) b 
Magnetic sector Momentum- to-charge 10
4
 2-5 
Quadrupole Path stability 104 ≈100 
Ion trap (IT) Frequency 103-104 ≈100 
Time-of-flight (TOF) Flight time 106 5-10 
Fourier-transform ion 
cyclotron resonance (FTICR) 
Cyclotron 
frequency 10
5
 1-2 
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nominal mass can be assigned and in certain cases the mass is measured to much higher 
accuracy so that an accurate mass measurement is made. The latter is usually necessary 
when the elemental composition is required and can be applied to molecules of MW 
<800 u (above this mass there are usually too many combinations of the elements, for 
any given mass, to assign a unique elemental formula). Five principal types of mass 
analyzer are most used (Table 1). The magnetic sector mass analyzer is included here on 
a historical basis; while not suitable for proteome study it is still a very good choice of 
analyzer for single sample analysis (MW <3000 u). The remaining four analyzers are: 
quadrupole; ion trap (IT) [either quadrupole ion trap (QIT) or linear quadrupole ion trap 
(LQIT)]; time-of-flight (TOF); and Fourier-transform ion cyclotron resonance (FTICR) 
(Table 1). These analyzers can be stand alone or, in some cases, put together in tandem 
to take advantage of the strengths of each. In ion-trap analyzers, the ions are first 
captured or ‘trapped’ for a certain time interval and are then subjected to MS or MS/MS 
analysis. Ion traps are robust, sensitive and relatively inexpensive, and so have produced 
much of the proteomics data reported in the literature. A disadvantage of ion traps is 
their relatively low mass accuracy, due in part to the limited number of ions that can be 
accumulated at their point-like centre before space-charging distorts their distribution 
and thus the accuracy of the mass measurement. In the ‘linear’ or ‘two-dimensional ion 
trap’ (Hager 2002; Schwartz et al. 2002) the ions are stored in a cylindrical volume that 
is considerably larger than that of sections are separated by a collision cell (‘TOF-TOF 
instrument’) (Medzihradszky et al. 1999), whereas in the second, the hybrid quadrupole 
TOF instrument, the collision cell is placed between a quadrupole mass filter and a TOF 
analyzer (Loboda et al. 2000). Ions of a particular m/z are selected in a first mass 
analyzer (TOF or quadrupole), fragmented in a collision cell and the fragment ion 
masses are ‘read out’ by a TOF analyzer. These instruments have high sensitivity, 
resolution and mass accuracy, and the quadrupole TOF instrument can be used 
interchangeably with an ESI ionization source. The resulting fragment ion spectra are 
often more extensive and informative than those generated in trapping instruments. 
Although TOF, ion-trap and hybrid TOF instruments dominate proteomics today, other 
configurations including linear ion traps and FT-MS instruments are also widespread in 
the mass spectrometry laboratories. 
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Proteomics would be impossible without software tools to correlate mass 
spectrometric data with sequence databases. Existing database searching programs have 
become both more sophisticated and (Web) accessible. Thus, automated protein 
identification is possible by database searching using several algorithms, such as 
Sequest (Eng et al. 1994), MASCOT (Perkins et al. 1999), PeptideSearch (Mann and 
Wilm 1994), PROWL (Qin et al. 1997), and Protein Prospector (Clauser et al. 1999). 
Each protein sequence from the database is virtually digested according to the 
specificity of the used protease and the resulting peptides that match the measured mass 
of the peptide ion are identified. In the next step, the experimentally derived tandem 
mass spectrum of the peptide ion is compared to the theoretical MS/MS spectra 
obtained by virtual fragmentation of candidate peptide sequences. Finally, a score is 
calculated for each peptide sequence by matching the predicted fragment ions to the 
ions observed in the experimental spectrum. When a preponderance of the fragment 
ions matches, it is considered a good fit. 
 
In most MS analyses such as MALDI-TOF MS, ESI Q-TOF MS and ESI IT MS, 
the proteins are analyzed after digestion with protease into the peptides, because large 
molecular weight of proteins cannot be analyzed directly. This approaches are called 
‘‘bottom-up proteomics’’. MALDI-TOF instruments have been used in numerous 
projects for large-scale protein identification by the peptide mass mapping technique. In 
this method, proteins are identified by matching a list of experimental peptide masses 
with the calculated list of all peptide masses of each entry in a database (for example, a 
comprehensive protein database). Because mass mapping requires an essentially 
purified target protein, the technique is commonly used in conjunction with prior 
protein fractionation using either one- or two-dimensional gel electrophoresis (1DE and 
2DE, respectively). This technique has been particularly successful for the identification 
of proteins from species with smaller and completely sequenced genomes (Patterson 
and Aebersold 1995; Yates 2000). The addition of sequencing capability to the MALDI 
method should make protein identifications by MALDI-MS/MS more specific than 
those obtained by simple peptide-mass mapping. It should also extend the use of 
MALDI to the analysis of more complex samples, thereby uncoupling MALDI-MS 
from 2DE. However, if MALDI-MS/MS is to be used with peptide chromatography, the 
effluent of a liquid chromatography run must be deposited on a sample plate and mixed 
with the MALDI matrix, a process that has thus far proven difficult to automate. In 
Introduction 
   
 
 
65 
addition, shotgun proteomics techniques have allowed carrying out a rapid analysis of 
the entire protein complement of whole organelles, cells, and tissues (Kleffmann et al. 
2004; Millar 2007; Wienkoop et al. 2004). This process fully automates the separation 
and identification of proteins from complex mixtures (Washburn et al. 2001). The 
method includes chemical or enzymatic (e.g. tryptic) digestion of proteins to generate a 
highly complex set of peptides that is well beyond the separation capacity of 1D 
separation techniques. This ‘‘bottom-up’’ approach takes advantage of the higher 
separation efficiency of chromatographic techniques on the peptide rather than the 
protein level. In addition, the use of highly accurate mass, such as FT-MS has been 
reported in the analysis of several plant proteomes, such as the citrus fruit proteome 
(Katz et al. 2007) or the chloroplast envelope of pea and maize (Bräutigam et al. 2008), 
among others. 
 
3.3.3. Proteomics in the study of plant stresses 
 
Plants have evolved to live in environments where they are often exposed to 
different stress factors in combination. Being sessile, they have developed specific 
mechanisms that allow them to detect precise environmental changes and respond to 
complex stress conditions, minimizing damage while conserving valuable resources for 
growth and reproduction. Plants activate a specific and unique stress response when 
subjected to a stresses (Mittler 2006; Rizhsky et al. 2004). Thus, plant responses to 
different stresses are highly complex and involve changes at the transcriptome, cellular, 
and physiological levels. Recent evidence shows that plants respond to multiple stresses 
differently from how they do to individual stresses, activating a specific programme of 
gene expression relating to the exact environmental conditions encountered 
(Kushalappa and Gunnaiah 2013; Liu et al. 2014a; Rodziewicz et al. 2014). Proteomics 
is a powerful tool that provides a more direct assessment of the biochemical processes 
of monitoring the actual proteins performing the signalling, enzymatic, regulatory and 
structural functions encoded by the genome and transcriptome. The improvements in 
high-resolution 2-DE (Görg et al. 2000; Görg et al. 1999; Rabilloud 2014; Zolla and 
Timperio 2005), an increase in the number of sequences of protein and nucleotides, 
increased capabilities for protein identification using modern mass spectrometry 
methods, such as matrix-assisted laser desorption ionization time-of-flight (MALDI-
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TOF) mass spectrometry (Agrawal et al. 2013; Pappin et al. 1993) and valuable 
bioinformatic tools, have made the large-scale profiling and identification of proteins a 
dynamic area of renewed plant research. 
 
Several studies have reported the plant responses at different extreme 
environmental conditions such as salinity (Kosová et al. 2013; Yan et al. 2005), drought 
(Jorge et al. 2006; Larrainzar et al. 2014; Larrainzar et al. 2007), cold (Shi et al. 2014), 
heat (Liu et al. 2014a), ozone (Agrawal et al. 2002; Vanzo et al. 2014), UV light (Casati 
et al. 2005; Zhang et al. 2013), heavy metals (Visioli and Marmiroli 2013), nutrient 
deficiencies (Kang et al. 2004), as well as biotic stress such as, fungal (Curto et al. 
2006; Kroll et al. 2014), aphid (Carrillo et al. 2014), bacterial (Jorrín et al. 2006; 
Schmidt et al. 2014) and viral infections (Díaz-Vivancos et al. 2008). These studies all 
together have given rise to a specific field, ‘environmental proteomics’. Now, there is a 
good amount of work to answer about the types of proteins under- and/or over-
expressed during a particular or integrative stress, their impacts on cellular metabolism 
and the location of the proteins. The same is true regarding the organs on different plant 
organs (Dam et al. 2014; Watson et al. 2003) and on subcellular proteomes such as the 
chloroplast membrane (Gutierrez-Carbonell et al. 2014; Zolla et al. 2004), cell wall 
(Albenne et al. 2013; Minic et al. 2007) and nuclear envelope (Bae et al. 2003), whereas 
other researchers have focused on individual tissues, including seeds (Yacoubi et al. 
2013), mitochondria (Huang et al. 2014), barrel medic roots (Abdallah et al. 2014; 
Mathesius et al. 2001), vacuoles (Jaquinod et al. 2007), chloroplasts (Kleffmann et al. 
2004) and thylakoids (Aro et al. 2005; Zolla et al. 2003), among others. 
 
In the field of plant stress research, the most common case is comparison of 
proteomes isolated from non-stressed (control) plants and the corresponding proteomes 
upon stress conditions by differential-expression proteomics. Other cases include 
comparison of proteomes from two different genotypes or plant species with contrasting 
levels of tolerance to a given stress factor. The studies aimed at comparison of several 
proteomes are mostly dominated by 2-DE followed by protein identification via MS 
analysis, although the sole use of MS techniques not only for protein identification, but 
also for protein quantitation is sometimes applied (Patterson et al. 2007) used iTRAQ 
for protein quantitation in two barley cultivars with different sensitivity to elevated 
concentrations of boron. 
Introduction 
   
 
 
67 
Two main protein categories are founded in differential-expression proteomic 
studies: (i) defense or stress-related proteins and (ii) enzymes associated with the 
metabolism of carbon and nitrogen, and secondary metabolism. The first group included 
wide protein families, including pathogenesis-related proteins (PR) (glucanases, 
chitinases, proteases and protease inhibitors), antioxidants (glutathione-S-transferases, 
catalases, superoxide-dismutase and peroxidases), chaperones and heat shock proteins 
(HSP), among others. Moreover, the second group included enzymes associated either 
with carbohydrate assimilation and primary metabolism (photosynthesis, glycolysis and 
Krebs cycle), nitrogen assimilation or secondary metabolism. Several review articles 
have reported that plants showed similar defence strategies against a broad range of 
pathogens, such as bacteria, fungi or parasitic plants responses (Dangl and Jones 2001; 
Kliebenstein 2014). Thus, as general rule the PR proteins, stress- related proteins and 
antioxidant enzymes increased in the resistant genotypes, while a decrease in enzymes 
of the photosynthesis and energetic metabolism is observed in the susceptible ones 
(Alam et al. 2010; Hajheidari et al. 2007). However, several studies have shown that 
primary metabolism could be reconfigured to support the increased demands of the 
resistance response (Berger et al. 2007; Bolton 2009). In addition, the PR and stress 
related proteins have been found well represented in plant tissues even in absence of 
stress, supporting the idea that they are part of the constitutive defence machinery of 
plants (Alvarez et al. 2006; Alvarez et al. 2008; Haslam et al. 2003; Jamet et al. 2008). 
Proteins involved in signal transduction and gene regulation, such as transcription 
factors, are also commonly found in stress studies, as they play an important role in the 
plant defence response (Gechev et al. 2006; González-Verdejo et al. 2007; Madrid et al. 
2010; Singh et al. 2002). Hence, proteomics approaches on stress response even more 
complex. 
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Objectives 
 
 
As already stated, the objectives pursued in this PhD thesis are to study the 
legume responses to phytopathogenic fungi by using a functional genomics approach 
(transcriptomics and proteomics). Thus, according to the actual trends in biosciences 
research, a multidisciplinary omic approach was used to carry out the studies of this 
PhD thesis.  
 
Legumes are the third largest family of higher plants and they are second in 
agricultural importance. The pea (Pisum sativum) and the model legume Medicago 
truncatula were chosen to study their stress responses to Erysiphe pisi and 
Mycosphaerella pinodes pathogens. The pea crop constitutes an important source of 
protein for human consumption, being one of the most grown grain legume in the 
world, meanwhile M. truncatula is an important forage legume which is being used as a 
model plant for use in molecular and classical genetic studies. Moreover, within the 
phytopathogenic fungi, powdery mildew and ascochyta blight are one the most plant 
pathogenic fungi that seriously constrain crop production worldwide. Up to date very 
little is known about the molecular aspects of the defense and resistance responses of 
legumes to powdery mildew and ascochyta blight diseases. For a better understanding 
of such relationships, the study of the stress responses of these legumes to these 
phytopathogenic fungi is recommended.   
 
Thus, the specific objectives pursued in this PhD thesis were: 
 
• The detection of proteins and molecular mechanisms triggered by P. sativum in 
response to E. pisi and M. pinodes infections. These studies were attempted by 
applying a differential expression proteomic approach. The proteins found can be 
classified according to cellular processes to give a metabolic explanation for the 
adjustments performed by P. sativum in response to these phytopathogenic fungi. 
 
 
•  The elucidation of molecular mechanisms involved in E. pisi resistance by M. 
truncatula. This pathosystem was analyzed using two transcriptomics platforms, 
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microarray and quantitative real-time PCR, respectively. The sequences found in 
these experiments can be classified according to cellular processes to unveil the 
molecular mechanism and the regulatory network that controls the expression of 
genes involved in resistance to E. pisi. 
  
 
 
 
 
 
 
Chapter 1: A proteomic approach to study 
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Chapter 2: Two-dimensional electrophoresis 
based proteomic analysis of the pea (Pisum 
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Table S1 Histological studies of E. pisi development of M. truncatula genotypes. Studies were carried out in both 
genotypes using three leaves for each biologic replicate. Data correspond to mean values (expressed in percentage) 
of germinated spores, germlings forming an appressorium, colonies established, number of hyphal tips per 
established colony and colonies associated with epidermal cell death, respectively.  
 
Genotype 
E. pisi developmental stages 
% Germinationa % Appressoriab % Coloniesc % Colony sized % Death cellse 
Parabinga 57.7 21.6 58.0* 9.5* 0.5 
SA1306 23.0 12.3 18.3 2.8 8.0* 
 
aGermlings with a germtube longer than the conidium, 100 spores were visualized. 
bGermlings reached an epidermal cell forming an appressorium, 100 germlings were visualized. 
cColonies established out of the appressoria, 20 established colonies were visualized. 
dNumber of hyphal tips per colony established as measurement of the colony size, 20 established colonies were 
visualized. 
eColonies associated with epidermal cell death, 20 established colonies were visualized. 
*Statistically significant differences (p<0.01)  
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Table S4 Regulated genes in Medicago truncatula genotypes analyzed, SA1306 (SA) and Parabinga (PB), in 
response to Erysiphe pisi infection at 4 and 12 hours after inoculation (hai). Relative gene expression ratios (M) are 
listed and sorted by functional categories (FC). Genes were considered differentially expressed in response to E. pisi 
infection if to meet the prerequisites p ≤ 0.05 and M ≤ -0.8 or M ≥ 0.8. ID = M. truncatula 70mer oligonucleotides 
probe identifiers. MtGI = Accesion number according to TIGR M. truncatula Gene Index (Mt GI 7.0). FC = 
functional categories as defined by Journet et al. (Journet et al. 2002). M= Average log2 differential expression 
ratios (inoculated/control). F= Fold change expression ratios of differentially expressed genes in SA1306 compared 
to Parabinga, log2 expression ratio SA1306/Parabinga, at 4 (F_4hai) and 12 (F_12hai) hours after E. pisi 
inoculation. Cells filled in red and green means that the sequence was up- (0.8 ≤ M) and down-regulated (M≤ -0.8), 
at significance level p ≤ 0.05, respectively. * n.v: no values were compiled.  (See the excel file attached “Table 
S4.xlsx”). 
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Fig. S1 Erysiphe pisi (E. pisi) development on Medicago truncatula leaves genotypes analyzed in this assay. a 
Macroscopic disease symptoms in Parabinga before E. pisi inoculation. b Macroscopic disease symptoms in 
SA1306 before E. pisi inoculation. c Macroscopic disease symptoms in Parabinga fourteen days after E. pisi 
inoculation. d Macroscopic disease symptoms in SA1306 fourteen days after E. pisi inoculation. e Microscope 
pictures of E. pisi development on Parabinga leaf epidermal cells. C= conidium; PH= Primary hyphae; SH= 
Secondary hyphae. f Microscope pictures of E. pisi development on SA1306 leaf epidermal cells. EDC= Epidermal 
death cell. 
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Table S1 Complete list of TF genes. The accession numbers (AC), the TIGR Medicago gene accession numbers (TC) if available, as well as the transcription factor family 
and the subfamily names are shown as described Kakar et al. (Kakar et al. 2008). The quantification cycle (Cq), PCR efficiencies (PCReff) and correlation coefficients for the 
qPCR reactions performed on both Medicago truncatula genotypes, Parabinga and SA1306, in three biological replicates are indicated.  
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Table S2 Details of regulated TF genes clustered in groups among Medicago truncatula genotypes analyzed, SA1306 
and Parabinga, in response to Erysiphe pisi infection. Relative gene expression ratios (M) are listed and sorted by 
cluster (Group). Genes were considered differentially expressed in response to E. pisi infection if to meet the 
prerequisites p≤0.05 and M≤-0.7 or M ≥0.7. ID: Identification number of TF gene. TC: Medicago gene Accession 
Numbers (TIGR). TF family: Transcription factor family. TF subfamily: Subfamily names. M: Average log2 
differential expression ratios (inoculated/control) for Parabinga (PB) and SA1306 (SA) genotypes. F: Fold change 
expression ratios of differentially expressed genes in SA1306 compared to Parabinga, log2 expression ratio 
SA1306/Parabinga. Group: Heat map expression profiles clustered (Figure 3). 
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Table S3 Details of regulated TF genes among Medicago truncatula genotypes analyzed, SA1306 and Parabinga, in 
response to Erysiphe pisi infection (p≤0.05; -0.7≥M≥0.7). Relative gene expression ratios (M) are listed and sorted by 
class and M values. ID: Identification number of TF gene. TF family: Transcription factor family. TF subfamily: 
Subfamily names. M: Average log2 differential expression ratios (inoculated/control) for Parabinga (PB) and SA1306 
(SA) genotypes. F: Fold change expression ratios of differentially expressed genes in SA1306 compared to Parabinga, 
log2 expression ratio SA1306/Parabinga. Class: Genes that were specifically regulated in SA1306 (SA), Parabinga 
(PB) and both genotypes (Common). 
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Overall results and discussion 
 
 
With the advent of the “omics” techniques, genomic and post-genomic studies 
have allowed characterizing biological cell processes at a molecular level. However, the 
functional biological machinery is complex, whose network is regulated at 
transcriptional and post-transcriptional level. Hence, a multidisciplinary approach that 
integrating transcriptomics, proteomics, metabolomics, bioinformatics, statistics and 
mathematical modeling is necessary. In agreement with the assumed complexity of 
biological functions and its interactional character, we have analyzed the legume 
responses to phytopathogenic fungi infection by using a functional genomics approach 
(transcriptomics and proteomics). 
 
Within the functional genomics approaches carried out to study the defense 
mechanisms in legumes to phytopathogenic fungi infection, a differential expression 
proteomic approach was carried out in order to unveil which resistance mechanisms are 
involving in the response of the Pisum sativum to Erysiphe pisi and Mycosphaerella 
pinodes infections (Chapter 1 and 2, respectively). In addition, two different 
transcriptomics approaches have been carried out in an attempt to elucidate which 
mechanisms are acting in the response of the model legume M. truncatula to E. pisi 
infection (Chapter 3 and 4). In the chapter 3, we studied the transcriptome profile of M. 
truncatula in response to E. pisi infection using a microarray platform (Curto et al. 
2014). For deeper knowledge of this pathosystem, we screened more than 1000 
transcription factors using a high-throughput quantitative real-time PCR (qPCR) 
technology (Chapter 4). 
 
One of the objectives pursued in our current project is to study the response of P. 
sativum to E. pisi infection by a proteomic approach. In this study, the main used 
platform in comparative studies was applied, i.e., a non-targeted approach based on 
protein separation by 2-DE, band-cutting, protein digestion, MS peptide analyses and 
protein identification from mass spectra (Jorrín-Novo et al. 2007; Jorrín-Novo et al. 
2009). In this work the changes in the leaf proteome of two pea genotypes differing in 
their resistance phenotype to E. pisi, was analyzed by a combination of 2-DE and 
MALDI-TOF/TOF MS (Curto et al. 2006). Petri dish bioassays confirmed the existence 
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of differences in resistance to E. pisi between Messire and JI2480 genotypes. 
Furthermore, Messire leaf tissue was completely covered by powdery mildew and 
collapsed by day 12 post infection, while only punctual necrotic lesions (Chapter 1, fig. 
1). The protein profiles of both P. sativum genotypes leaf tissues were analyzed by 2-
DE in healthy as well as in inoculated leaves 48 h E. pisi post infection. Thus, leaf 
proteins from control non-inoculated and inoculated susceptible (Messire) and resistant 
(JI2480) plants were resolved by 2-DE, with IEF in the 5–8 pH range and SDS-PAGE 
on 12% gels. The CBB-stained gels revealed some differences between extracts from: 
(i) non-inoculated leaves of both genotypes (77 spots); (ii) inoculated and non-
inoculated Messire leaves (19 spots); and (iii) inoculated and non-inoculated JI2480 
leaves (12 spots) (Chapter 1, fig. 3).  
 
Protein identification was accomplished by PMF combined with PFF of selected 
peptides by MALDI-TOF/TOF, resulting in 67 matches out of the differences observed 
(Chapter 1, table 2). Out of the 67 identified proteins, 57 having an assigned function 
belonging to several functional categories, including photosynthesis and carbon 
metabolism, energy production, stress and defense, protein synthesis and degradation 
and signal transduction. Several spots identified as proteins of the photosynthesis-
carbohydrate metabolism and Krebs cycle occurred in larger amounts in JI2480 than in 
Messire plants, which could indicate a greater efficiency of the former in transforming 
light into chemical energy, CO2 assimilation, and obtaining intermediate metabolites 
from photoassimilates needed for biosynthetic pathways (Burdon and Thrall 2003; 
Somssich and Hahlbrock 1998). As we expected another major set of proteins 
differentiating genotypes, all of them unique or more abundant in the JI2480 resistant 
plants, corresponded to stress and defense related proteins. Between them are 
noteworthy three identified proteins (spots 21, 22 and 29) (Chapter 1, table 2) that 
encoded by members of the highly duplicated family of nucleotide binding site-leucine-
rich repeats (NBS-LRR) plant resistance genes that confer resistance to many plant 
pathogens (Schulze-Lefert and Vogel 2000), as well as a number of the proteins 
identified also correspond to typical pathogenesis-related proteins (PRs) that display 
antimicrobial activity and accumulate to high levels in response to pathogen challenge. 
Some of these PRs are considered molecular markers for resistance against a broad 
range of pathogens including E. pisi (Van Loon and Van Strien 1999). In addition, 
several identified proteins belonged to reactive oxygen species (ROS), such as 
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phospholipid-hydroperoxide, glutathione peroxidase, peroxidase and superoxide 
dismutase (Spots 20, 72 and 42, respectively) (Chapter 1, table 2), which are involved in 
hydrogen peroxide detoxification and are associated with lignification and cell wall 
phenol deposition (Passardi et al. 2004). These results indicated that defense responses 
are activated in the susceptible genotype, supporting the idea that resistance is a very 
complex process depending not only on the activation of defenses, but more 
importantly, on the activation kinetics of these responses. In summary, these work 
provided an overview of the P. sativum-E. pisi interaction and shed light on the putative 
mechanisms involved in resistance. 
 
The P. sativum-M. pinodes pathosystem was analyzed by a proteomic approach to 
study the responses of P. sativum to M. pinodes infection (Castillejo et al. 2010). In this 
study response to M. pinodes in P. sativum were analyzed by using a combination of 2-
DE and MALDI-TOF/TOF MS (Chapter 2). M. pinodes symptoms were observed on 
the leaves of susceptible Messire and incomplete resistant Radley pea cultivars (Chapter 
2, fig. 1). Thus, resistance to M. pinodes in Radley was characterized by a lower success 
in colony establishment, associated with the rapid death of the epidermal cell being 
attacked by M. pinodes and by a smaller colony size. Two-dimensional electrophoresis 
allowed comparing the leaf proteome of two pea cultivars displaying different 
phenotypes (susceptible and partial resistance to the fungus), as well as in response to 
the inoculation. The analysis of CBB staining of the gels revealed a total of 84 
differential protein spots (Chapter 2, table 1, fig. 2). All of the 84 protein spots were 
analyzed by mass spectrometry, and 31 could be matched against the NCBI database 
(Chapter 2, table 2). These identified proteins were classified in the following functional 
categories: photosynthesis, glycolysis/glyconeogenesis, citrate cycle, glutamine 
biosynthetic process, metabolic process, protein binding, nucleic acid binding, 
transcription/translation, defense and stress related proteins, cellular processes and 
unknown. A high proportion of photosynthetic (4/5), metabolic (4/6) and 
transcriptomic/translational, as well as nucleic acid binding (7/7) proteins, were found 
more abundant in Messire than Radley cultivar, when both inoculated and non-
inoculated plants were compared (Chapter 2, fig. 5). Moreover, stress and defense-
related proteins were found in all of the pairwise comparisons of protein abundance, 
with a clear trend to increase in inoculated plants. 
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 In summary, the results obtained in these work revealed that differences 
observed between non-inoculated cultivars could be related to efficiency in energy 
utilization for growth and fitness purposes. With regard to the abundance pattern from 
differential identified proteins under inoculation, we observed an increase of proteins 
involved in energetic and amino acid metabolism in the resistant cultivar. In addition, a 
general increase in the amounts of proteins belonging to the defense and stress related 
categories were detected in both cultivars at the earliest stages of infection. A clear 
distinction between both cultivars cannot be made based on the defense and stress-
related proteins identified in this study. However, most differences observed were 
related to efficiency in energy utilization, probably to compensate the cost of resistance, 
such as has been described in previous plant-pathogen interactions (Burdon and Thrall 
2003). This work could help to study molecular aspects of the defense and resistance 
responses of legumes to ascochyta blight, as well as being used in programs aimed at 
improving new crop varieties by means of plant breeding and biotechnology. 
 
The M. truncatula-E. pisi system was used in the study of transcriptome profile by 
using a microarray platform (Chapter 3). This work reported the transcriptome profiles 
of two Medicago truncatula genotypes, the powdery mildew susceptible commercial 
variety Parabinga and the resistant accession SA1306, at 4 and 12 h after E. pisi 
infection (hai), using Mt16kOLI1 microarrays. Differences in the response to E. pisi 
between the two genotypes were macroscopically clearly visible 2 weeks after 
inoculation, with profuse sporulation in the susceptible Parabinga genotype and absence 
of symptoms in the resistant SA1306 genotype (Chapter 3, fig. S1c, d). In addition, the 
histological assessments confirmed the resistance and susceptibility to E. pisi in 
Parabinga and SA1306, respectively (Chapter 3, fig. S1, table S1). The hypersensitive 
response associated with epidermal cell death observed as host cell cytoplasm 
disorganization (Chapter 3, fig. S1f) was negligible in Parabinga but marked in SA1306. 
Four hundred and forty six probes out of 16,086 on the microarray were significantly 
regulated (p<0.05; 0.8 ≤ M ≤− 0.8) in the two M. truncatula genotypes in response to E. 
pisi infection at the studied time points (Chapter 3, table S4). Two hundred and ninety 
five of them showed sequence similarities to genes of known functional categories 
described by Journet et al. (Journet et al. 2002) (Chapter 3, fig. 1). The most represented 
category was “Secondary metabolism and hormone metabolism” (15.25 %), followed 
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by “Abiotic stimuli and development”, “Cell Wall”, “Defense and cell rescue”, “Protein 
synthesis and processing” and “Primary metabolism” (around 10 % each). 
 
Out of 295 genes, 76 showed sequence similarities to genes of know functional 
categories described by Journet et al. (Journet et al. 2002), were differentially regulated 
in SA1306 compared to Parabinga (0.8 ≤ F ≤− 0.8, p ≤ 0.05). Most of them (48/76) 
were regulated at 4 hai, meanwhile around 30 % of sequences (24/76) were regulated at 
12 hai. The four remaining sequences were regulated at both time points. The vast 
proportions of regulated genes at 4 hai were induced at this time point (38/48). These 
sequences mainly belong to categories related to defense and stress responses (Chapter 
3, table 1). Moreover, a minor proportion of regulated genes were differentially 
expressed in SA1306 compared to Parabinga at 12 hai (24/76). The most represented 
categories at this time point are “Cell Wall”, “Secondary metabolism and hormone 
metabolism”, “Primary metabolism” and “Gene expression and RNA metabolism”, 
respectively. Among the regulated genes in response to E. pisi infection, an important 
number of genes belong to cell wall metabolism, as “early nodulin 12A” , “nodulin 
MtN3”, “nodulin MtN19”, and expansin, involved in cell wall strengthening and 
elongation processes (Chapter 3, table 1). These enzymes contribute to pathogen 
resistance playing an important role in the guard against the spore penetration by means 
of physical barriers as cell wall appositions (CWAs) (Chapter 3, fig. 2). These results 
revealed a wide variety of mechanisms and pathways were detected to be regulated in 
M. truncatula in response to E. pisi infection, which mainly included cell wall 
reinforcement, phenylpropanoids and phytoalexins biosynthesis, pathogenesis-related 
proteins, burst oxidative-related proteins and signaling pathways controlled by jasmonic 
and salicylic acids. In summary, this study provides deep and comprehensive 
information of the metabolic pathways involved in a new E. pisi/M. truncatula 
pathosystem, which will help to develop new genetic tools in the breeding program of 
this legume. 
 
The M. truncatula-E. pisi pathosystem was also studied by using high-throughput 
quantitative real-time PCR (qPCR) technology (Chapter 4). In this work more than 
1,000 Medicago truncatula transcription factors (TFs) gene-specific primers were 
analyzed in two Medicago truncatula genotypes, the powdery mildew susceptible 
Parabinga and the resistant accession SA1306, at four hours after E. pisi infection, using 
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a M. truncatula transcription factor platform (Kakar et al. 2008). In this study a total of 
623 genes of the qPCR TF platform (59.6%) were considered detected (Cq<40; n≥2) 
and 95 from them showed statistically significant differences (P<0.05) (Chapter 4, fig. 
3, table S2). These 95 genes were clustered into ten groups with different expression 
patterns (Chapter 4, fig. 3). Around eighty percent of TF genes (79/95 genes) that 
showed statistically significant differences (P<0.05) were regulated at least 1.6-fold 
changes (0.7≥M≥0.7) (Chapter 4, table S3). Out of 79 genes, 16 and 18 were 
specifically regulated in Parabinga and in SA1306, respectively. The remaining 45 
genes were regulated in both genotypes (Chapter 4, fig. 4 and table S3). Most of these 
genes including genes involved in plant disease resistance belonging to AP2/EREBP, 
C2H2 (Zn), MYB, HD, MYB/HD-like, NAC and PHD TF families. Forty eight out of 
the 79 TFs showed significant differences in the resistant SA1306 genotype compared 
to the susceptible Parabinga in response to E. pisi infection, suggesting that they play a 
critical role in the resistance mechanism against pathogen infection. Hence, this study 
suggest a model for the regulatory network controlling the expression of the TF genes 
involved in M. truncatula resistance to E. pisi (Chapter 4, fig. 4).  
 
A subset of these genes were noteworthy to be involved in known defense 
pathways suggesting that they act as major regulators of transcription throughout E. pisi 
defense responses in SA1306 genotype, which belong to AUX/IAA, bHLH, E2F, HD, 
JUMONJI, MYB and zinc finger families (C2C2, C2H2, LIM and SBP) (Chapter 4, table 
1). In summary, this work reported a collection of TFs and a regulatory network that 
controls the expression in M. truncatula of genes involved in resistance to E. pisi. These 
results will help to systematically decipher the functional roles of TF genes and to 
develop new strategies against powdery mildew. 
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Conclusions 
 
 
The conclusions of the work presented in this PhD thesis, related to the different 
objectives pursued, are the following: 
 
 Differential expression proteomics by 2-DE revealed changes in the protein 
profile of two P. sativum genotypes in response to E. pisi infection. These 
differences were detected between extracts: (i) non-inoculated leaves of both 
genotypes (77 spots); (ii) inoculated and non-inoculated susceptible Messire 
leaves (19 spots); and (iii) inoculated and non-inoculated resistant JI2480 
leaves (12 spots).  
 
 Out of the 106 differential spots detected in the P. sativum-E. pisi pathosystem, 
67 were identified after MALDI-TOF/TOF analysis and database searching. 
These spots encode proteins belonging to several functional categories, 
including photosynthesis and carbon metabolism, energy production, stress and 
defense, protein synthesis and degradation and signal transduction. 
 
 The M. pinodes-P. sativum pathosystem was studied by using a combination of 
2-DE and MALDI-TOF/TOF MS revealing a total of 84 differential expressed 
proteins. Out of the 84 spots, 31 were identified and classified in the following 
functional categories: photosynthesis, glycolysis/glyconeogenesis, citrate cycle, 
glutamine biosynthetic process, amino acid metabolism, protein and nucleic 
acid binding, transcription/translation, defense and stress related proteins, 
cellular processes and unknown. 
 
 The M. truncatula-E. pisi pathosystem was analyzed by using a microarray 
platform revealing 446 six probes significantly regulated, in the M. truncatula 
genotypes analyzed, in response to E. pisi infection at the studied time points. 
Out of 446 sequences, 295 showed sequence similarities to genes of known 
functional categories. 
 
 The microarray studies allowed identifying 76 genes that were differentially 
regulated in SA1306 compared to Parabinga, which showed sequence 
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similarities to genes of know functional categories. Out of 76 genes, 48 and 24 
were regulated at 4 hai and 12 hai, respectively. Meanwhile the rest four genes 
were regulated at both time points. 
  
 Among the regulated genes detected in the microarray experiments are 
noteworthy an important number of genes belong to cell wall metabolism, 
which are involved in cell wall strengthening and elongation processes. These 
enzymes may contribute to pathogen resistance playing an important role in the 
guard against the spore penetration, by means of physical barriers as cell wall 
appositions. 
 
 The M. truncatula-E. pisi pathosystem was analyzed by using quantitative real-
time PCR (qPCR). Out of 623 transcription factor genes detected, 95 showed 
statistically significant differences (P<0.05) in the M. truncatula genotypes 
analyzed in response to E. pisi infection. 
 
 95 transcription factor genes were differential expressed in the qPCR studies in 
the M. truncatula-E. pisi pathosystem. 79 of them were regulated at least 1.6-
fold changes, 16 and 18 genes were specifically regulated in Parabinga and 
SA1306, respectively. Meanwhile, the remaining 45 genes were regulated in 
both genotypes. This study suggests that these genes form part of a regulatory 
network that controls the expression of genes involved in resistance to E. pisi. 
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Conclusiones 
 
 
Las conclusiones del trabajo presentado en esta tesis doctoral, en relación con los 
objetivos planteados, son los siguientes: 
 
 El estudio de proteómica diferencial mediante 2-DE mostraron cambios en el 
perfil proteico de dos genotipos de P. sativum en respuesta a la infección de E. 
pisi. Estas diferencias fueron detectadas entre los extractos: (i) hojas de ambos 
genotipos no infectadas (77 spots); (ii) hojas de Messire infectadas y no 
infectadas (19 spots); y (iii) hojas de JI2480 infectadas y no infectadas (12 
spots). 
 
 106 spots diferencialmente expresados fueron detectados en el patosistema P. 
sativum-E. pisi, 67 de los cuales fueron identificados mediante análisis 
MALDI-TOF/TOF y búsqueda en bases de datos. Estos spots codifican 
proteínas pertenecientes a diversas categorías funcionales, incluyendo 
fotosíntesis y metabolismo de carbono, metabolismo energético, stress y 
defensa, síntesis y degradación de proteínas y transducción de señales. 
 
 El patosistema M. pinodes-P. sativum fue estudiado usando una combinación 
de 2-DE y MALDI-TOF/TOF MS revelando un total de 84 proteínas 
diferencialmente expresadas. De los 84 spots, 31 fueron identificados y 
clasificados en las siguientes categorías funcionales: fotosíntesis, 
glicolisis/gluconeogénesis, ciclo del citrato, biosíntesis de glutamina,  
metabolismo de aminoácidos, interacción de proteínas y ácidos nucleicos, 
transcripción/traducción, proteínas de defensa y stress, procesos celulares y 
desconocidos.  
 
 El patosistema M. truncatula-E. pisi fue analizado mediante una plataforma de 
microarray revelando 446 genes significantemente regulados, en los genotipos 
de M. truncatula evaluados, en respuesta a la infección de E. pisi a los tiempos 
analizados. De las 446 secuencias, 295 mostraron similitud con genes 
pertenecientes a categorías funcionales conocidas.  
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 Los experimentos de microarray permitieron identificar 76 genes que fueron 
diferencialmente regulados en SA1306 comparados con Parabinga, los cuales 
mostraron similitud con genes de categorías funcionales conocidas. De los 76 
genes, 48 y 24 fueron regulados a las 4 y 12 hai, respectivamente. Mientras que 
los cuatro genes restantes fueron regulados a los dos tiempos de muestreo 
evaluados. 
  
 Entre los genes regulados que fueron identificados en los experimentos de 
microarray son de especial interés un importante número de genes 
pertenecientes al metabolismo de la pared celular, los cuales participan en los 
procesos de fortalecimiento y elongación de la pared celular. Estas enzimas 
pueden contribuir a la resistencia de la infección mediante su participación en 
los procesos de defensa, evitando la penetración de la espora mediante barreras 
físicas y cutículas de la pared celular. 
 
 El patosistema M. truncatula-E. pisi fue analizado mediante PCR cuantitativa 
en tiempo real (qPCR). De los 623 genes que codifican factores de 
transcripción, 95 mostraron diferencias estadísticamente significativas 
(P<0.05) en los genotipos de M. truncatula analizados en respuesta a la 
infección de E. pisi. 
 
 95 genes que codifican factores de transcripción fueron diferencialmente 
expresados en los estudios de qPCR realizados sobre el patosistema M. 
truncatula-E. pisi. 79 de ellos fueron regulados al menos 1,6 veces, 16 y 18 
genes fueron específicamente regulados en Parabinga y SA1306, 
respectivamente. Mientras que los restantes 45 genes fueron regalados en 
ambos genotipos. Este estudio sugiere que estos genes forman parte de una red 
reguladora que controla la expresión de genes implicados en la resistencia de 
E. pisi. 
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Appendix 1: Proteomics: a promising 
approach to study biotic interaction in 
legumes. A review 
 
 
 
 
 
 
 
 


























































































